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3. Summarz

This research attends to unmet requirements in the physiological
management of moderately and severely wounded soldiers, thereby (a) improv-
ing the return-to-duty rate of the combat-injured, (b) reducing morbidity
and mortality of the combat-injured, and (c) reducing resource (primarily
materiel and logistical support) utilzation by Army medical field facilities.
The research examines the interaction of anesthetic agents appropriate for
use in a combat environment, with hemorrhage. In doing so, the physiologi-
cal processes that contribute to the differences among anesthetic agents for
induction and maintenance of anesthesia during hemcrrhage will be defined.
Swine are used as the experimental model, examining the rationale and
physiology of use of nitrous oxide, enflurane, isoflurane, halothane,
thiopental and ketamine for induction of anesthesia during the hypovolemic
condition,

The products of this project will be important and meaningful data and
recommendations to be provided USAMRDC, AHS, and ultimately the user--the
anesthetist in a combat environment--regarding use (potential advantages
and disadvantages) of anesthetic agents for acutely injured soldiers.




4. FOREWORD

In conducting the research described in this report, the investigator
adhered to the "Guide for Laboratory Animal Facilities and Care" as promul-
gated by the Committee on the Guide for Laboratory Animal Resources,
National Academy of Sciences-National Research Council.
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7. _Body of Report | f

A. Background:

1. Overall Objectives:

The long-term objectives of this research project are to improve the
physiological management of moderately and severely injured soldiers, and
thereby ?a) improve the return-to-duty rate of the combat-injured, and (b)
reduce morbidity and mortality of the combat-injured. Certain portions of
the project also focus on attempts to reduce resource (primarily materiel
?n? lggistical support) utilization required for accomplishment of (a) and

b) above.

This research examines the interaction of anesthetic agents appropriate
for use in a combat environment, with hemorrhage. In doing so, we also
attempt to define the physiolcgical processes that contribute to the differ-
ences among anesthetic agents during hemorrhage and the differences between
the physiological effects of anesthetics duriag normovolemia and curing
hypovolemia. It is hoped that improved management will result from such an
understanding.

2. Introduction:

Further advances for forward resuscitation and in management of the
combat-wounded wil) depend, in part, on the acquisition and application of
physiological prin.iples and understanding of the interaction of anesthetic
agents and techniques with physiology and pathophysiology.

Within the past twenty years, there has been a vast proliferation of
research in anesthesia and anesthesia-related fields. Despite the informa-
tion gained, the paucity of knowledge upcn which anesthesiologists must
base crucial, life-determining decisions regarding the anesthetic care of
the acutely wounded soldier is distressingly evideat in the chapter on
“Anesthesia and Analgesia" of the First US Revision of the Emergency War
Surgery NATO Handbook (2). The NATO handbook quite accurately reflects,
“In the wounded who require surgery, the most significant alterations in
physiology involve the circulatory and respiratory systems." The anesthe-
siologist in a combat environment, in order to be able to make intelligent,
informed decisions for the proper care of his patient, must have the
knowledge of the appropriate normal physiology, abnormal pathophysiology,
and how both are altered by the drugs, agents, and techniques he may
utilize.

In addition to ensuring adequate ventilation and gas exchange, the
anesthesiologist must also be concerned with optimizing cardiovascular
function and selecting agents and techniques that will provide the appro-
priate alterations in cardiac output, peripheral vascular resistance, total
body oxygen consumption, systemic blood pressure, myocardial work, myocar-
dial oxygen consumption, and pulmonary vascular resistance. Lacking the
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ability to create appropriate alterations, he should, at the worst, have
the ability to select the agents and techniques that will do the least harm,

"Myocardial, cerebral, and peripheral tissue blood flow must be maintained

at levels sufficient for aerobic metabolism.

A1l anesthetic agents have profound influence on all the variables
listed above. Halothane, fluroxene, diethyl ether, and cyclopropane, in
normal, healthy, young male human volunteers, all elevate mean right atrial
pressure, increase skin blood flow and decrease oxygen consumption and base
excess (3-11). Ether, fluroxene, and cyclopropane cause minimal or no
decrease in cardiac output, stroke volume, left-ventricular work, stroke
work, and mean arterial pressure (5). Halothane, fluroxene, and ether
decrease total peripheral resistance, while cyclopropane significantly
increases it. Unlike other anesthetic agents, deep fluroxene anesthesia
causes a rise in arterial pressure (3-5) as a result of increased central
sympathetic outflow (12).

’

Enflurane during spontaneous ventilation results in increased PaCOp,
greatly decreased systemic vascular resistance, reduced mean arterial b%ood
pressure and stroke volume, but an increased hesrt rate and cardiac output
(13). The investigators attributed the latter to bhe a result of "beta-
sympathetic-1ike-stimulation" in response to elevated arterial CO» concen-
trations. When ventilation is controlled so that PCOp is normal, cardiac
output decreases in comparison with the awake state.

Isoflurane, a relatively new inhalational agent, which has been re-
leased recently by the FDA for noninvestigational use, has been shown in
unpremedicated, healthy young male volunteers to preserve cardiac outpuf
unchanged, decrease stroke volume, arterial pressure, peripheral resistance,
VO, and left-ventricular work, while increasing right atrial pressure
and Q/V0p during constant PaC0y, maintained by controlled ventilation (14).
buring spontaneous ventilation, cardiac output and heart rate rise further
as a result of rise in PaC0p, despite the blunting of the cardiovascular
response to CO2 by isoflurane (15).

Nitrous oxide, first prepared by Priestly in 1772, and first demon-
strated to have anesthetic properties by Sir Humphrey Davey in 1800, is
not sufficiently potent for sole use as an anesthetic agent. Hyperbaric
studies have demons'rated that at normal barometric pressure approximately
110% N2O would be required to produce anesthesia. Nevertheless, N0
is almost universally added to other inhalation agents to reduce the
concentration of the other inhalarion anesthetic. The rationale for this
practic was originally related io the now-discarded belief that N»0,
beyond' 1v< analgesic/anesthetic properties, had no other phammacological
actiors. Within the past 10-15 years, information has been gathered
regarding cardiovascular actions of N20 in experimental animals as well
as in man. Because of the wide variations in experimental designs, the
results are not clear. Many variables appear to influence greatly the
cardiovascular action of N0, e.g., type of ventilation, prior adminis-
tration of drugs, background anesihetic agent, duration of adminictration
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of NoO prior to measurement, patient age, and patient physical status. S
Smith et al. (16) also suggested (without supporting evidence or citation - g
of any references) that the "extent of . . . trauma or blood loss" probably
influences the cardiovascular action of N20. When added to halothane,

NoO appears to result in cardiovascular stimulation in normal man (17,18),

in cardiac patients (19), and in the normal dog (20-22), although Hill et

al. (23) noted cardiovascular depression with the addition of N20 to

halothane in patients with heart disease (for operation for aortic or

mitral valve replacement or coronary artery bypass graft), and Brower and

Merin (24) failed to note significant cardiovascular action of N20 upon

its addition to halothane anesthesia in swine. Stimulation is seen in man

with the addition of nitrous oxide to fluroxene (25), diethyl ether (26),

and isoflurane (27) anesthesia. In contrast, Smith et al. (16) recently

observed minimal cardiovascular changes with the addition of N20 to

enflurane anesthesia. With the addition of N20 to a background of

narcotic anesthesia, cardiovascular depression is frequently noted in man

(28,29) and in dogs (30).

Cardiovascular stimulation in man by the addition of N20 to all inha-
lation anesthetic agents except enflurane is likely an indirect effect.
Nitrous oxide was previously thought to spare the myocardium of depression
and cause a minimal peripheral vasoconstriction (31-33), probably through
an increase in sympathetic activity (32). Recent work has demonstrated a
direct decrease in myocardial contractile force by 50% N20 (34). This is
not as great a reduction as caused by an equipotent anesthetic concentration
of halothane (34,35). In in vivo studies, the stimulation of sympathetic
nervous activity by NoO would tend to antagonize the direct myocardial
depression (36,37).

Despite the stimulation seen, it appears that N0 does not enhance
the overall margin of safety of inhalation anesthetic agents with respect to
the amount of agent required to produce respiratory or cardiac arrest (38).
Nevertheless, N20 continues to be used ubiquitously unless the patient
physiologically requires very high concentrations of inspired oxygen.

The stimulatory response requires a system capable of providing a rela-
tively intact sympathetic response. This may be neither true nor desirable
during hypovolemia. This consideration does not appear to have been tested.

With the introduction of thiopental, induction of anesthesia by intra-
venous anesthetics became popular. With the entry of the U.S. into World
War 11, much debate, based on anecdotal experience, arose regarding the
wisdom of the use of thiopental in a military setting (39-50). The predomi-
nant opinion appears to have been that thiopental should not be used for
induction of anestnesia in cases of severe trauma or shock (43,45). How-
ever, anesthetic practice today differs a g?eat]y from that employed in the
early 1940s. At that time, supplemental oxygen was not administered to all
patients; nor was it even available on a routine basis. Patients breathed
spontaneously. The doses of thiopental that were employed (minimum of 0.5
grams; most often several grams) are by today's standards, grossly exs .sive,
especially for patients with abnormal hemodynamics.
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Although thiopental did become the subject of research centered on
its hemodynamic properties indicating myocardial depression (51) and reduc-
tion of vasomotor tone (52), its use for induction during hypovolemia has
not been studied systematically.

More recently, a relatively new agent, ketamine, has been advocated
for use in hypovolemic shock (53). In doses of 2 mg/kg IV, given to fit
patients without premedication, ketamine has been shown to increase heart
rate 36%, systolic blood pressure 41%, diastolic blood pressure 40%, mean
arterial pressure 40%, cardiac output 57%, and stroke volume 22% (54,55).
This efrect is probably mediated through vagolytic activity through baro-
receptor blockade (56-58) and central adrenergic stimulation with peripheral
alpha effect (56,59-62). Low doses (1-2 mg/kg IV) result in a variable
positive inotropic effect (63,64), whereas high doses are negatively
inotropic (65-67). Unfortunately, ketamine is relatively short-acting
(20-30 minutes), and repeat injections have been reported to have less or
no pressor response (54,68,69). Premedication with atropine attenuates the
cardiovascular response to ketamine (70-73). When ketamine is given during
general anesthesia, a depressor response is elicited (74-76).

Ketamine has been used as an induction agent for hypovolemic shock.
In dogs, Virtue et al. (67) noted a modest (4%) increase in blood pressure,
and Gassmer et al. (77) noted an increase in blood pressure and heart rate
in hypotensive cats on induction with ketamine, These studies, however,
did not quantitate the degree of hypovolemia. In 30 humans ir "hemorrhagic
shock", Corssen ot al, (78) reported a 17% increase in systolic blood
pressure upon induction with an unspecified dose of ketamine. Chasapakis
et al. (79) noted a simiiar response in 13 similar patients premedicated
with atropine and given ketamine 2 mg/kg IV and pancuronium 4 mg IV for
induction. Unfortunately, none of these studies quantitated the degree of
hypovolemia nor commented upon continued intraoperative course; nor did
they compare ketamine with other agents. Most of this literature regarding
ketamine has been of less than good quality.

With the exceptions noted, the pharmacclogy described above was
learned from anesthetizing either normal animals or normal, young, healthy
men. It is inappropriate to attempt to translate these pharmacological
findings from normal man to hypovolemic man. Many of the indirect but
important cardiovascular actions of anesthetic agents, especially those of
enflurane, isoflurane, nitrous oxide, and ketamine, require an intact
sympathetic response. Hemorrhage results in sympathetic discharge (90).
Further sympathetic outflow mav b2 neither possible nor desirable.

Only two studies have compared anesthetic agents during hemorrhage
(81,822. Theye et al. (81) compared survival times during removal of 0-40
ml-kg-4 of blood from dogs with intact spleens, ventilated and anesthe-

tized with cyclopropane, halothane, or isoflurane. Prior to blood loss,
cyclopropane resulted in higher cardiac output and mean arterial blood
pressure than either halothane or isoflurane, presumably as a result of
higher arterial epinephrine concentration. With hemorrhage, cardiac output
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and mean arterial blood pressure fell more rapidly with cyclopropane than
with either inhalation agent; arterial epinephrine increased more rapidly
with cyclopropane than with either inhalation agent; oxygen consumption
fell the most and arterial lactate concentration increased the most with
cyclopropane. Survival time was shorter with cyclopropane than with either
isoflurane or halothane.

We have compared, in splenectomized dogs, the cardiorespiratory influ-
ences of graded hemorrhage (0, 10, 20, and 30% blood loss) during enflurane,
halothane, isoflurane, and ketamine anesthesia with spontaneous ventila-
tion (82). Diethyl ether and cyclopropane were not studied because of
their flammability and explosive potential and, therefore, impracticality
in a battlefield medical facility environment. In comparison with the 7wake
state during normovolemia, of the agents studied, only ketamine providei
cardiovascular stimulation (increased heart rate and cardiac output), wnile
enflurane resulted in the greatest depression of cardiovascular function
(decreased mean arterial blood pressure, cardiac output, and stroke volume).
With graded blood loss, cardiac output decreased more rapidly with ketamine
than with all of the three inhalation agents, so that by 30% hemorrhage
there was no difference in cardiac output among halothane, isoflurane, and
ketamine, In response to hemorrhage, systemic vascular resistance increased
most with ketamine. Thus, at 30% blood loss, mean arterial blood pressure
was highest with ketamine, Rate-pressure product and minute work were
highest with ketamine throughout hemorrhage except for minute work at 30%
blood loss. This was reflected in total body oxygen consumption being
highest with ketamine at 0-20% blood loss. Oxygen consumption did not
change with hemorrhage with any inhalaticn agent, but decreased with hemor-
rhage with ketamine, suggesting that oxygen demand was not met; arterial
blood lactate concentration increased with hemorrhage only with ketanine,
Under these conditions of the experiments of Theye ?81) and our own (82),
sympathetic stimulation appears to be an undesirable property of an anes-
thetic agent when used for maintenance of anesthesia during moderate
hypovolemia. These experiments (82) were performed while the dogs breathed
spontaneously, and resulted in differing arterial PCO» among the anes;thetic
agents. Although the cardiovascular stimulation caused by carbon dinxide
(15,82) is blunted by anesthetic agents (15,18,83,84), the varying lavels
of COp among the agents may have influenced the results.

The renin-angiotensin (R-A) system also plays an important role in the
physiologic response to and compensation for hemorrhage (86-91). The influ-
ence of anesthetic agents on the R-A system has received some attention,
with conflicting results (92-98). However, under normal circumstances, the
R-A system appears not to be an important controller of cardiovascular
dynamics during anesthesia (97). This is not the case, however, in some
specific circumstances of altered cardiovascular dynamics. When hypotension
is intentionally created by vasodilation with nitroprusside in anesthetized
animals, the R-A system plays an important role in preventing what would
otherwise be a far greater fall in systemic blood pressure (i.e., it pro-
duces significant compensation) (99-100). The R-A system is also respon-
sible for the rebound hypertension observed following discontinuaticn of
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nitroprusside (101-102). In sodium-depleted animals, the R-A system is an
important regulator of blood pressure during anesthesia (103). These lines
of evidence, indicating that anesthetic agents decrease blood pressure in
states where the R-A system is activated, lead one to suspect that this may
also be the case during hemorrhage. Although this hypothesis has also been
suggested by others (97), it does not appear to have been tested.

Understanding the interaction of anesthetic agents with the R-A system
during hemorrhage offers the possibility of improved casuaity management
through appropriate selection of anesthetic agents and R-A stimulants or
blockers.

There is no scientifically derived information regarding the actions
of anesthetic agents when used for induction of anesthesia in a hypovolemic
condition. The work described in this report represents the initiation of
efforts to delineate the interactions of anesthetic agents and cardiovas-
cular control mechanisms and effects during significant hypovoiemia.
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B. Approach:

Young domestic swine (Chester-White-Yorkshire mix breed; 18-21 kg)
are being used to investigate the cardiovascular and metabolic response to
induction Gf anesthesia during hypovolemia. We use swine because (a) dogs
are becoming increas.ngly difficult to obtain for purposes of research; (b)
swine are readily available in nearly uniform size; (¢) in cardiovascular
physiology, the swine more closely resembles man than does the dog; (d)
swine hemorrhage models have been used successfully by others, Although
we were not aware of it at the initiation of this project, Hannon at the
Letterman Army Institute of Research has had good recults bleeding awake
swine of approximately the same size we use (104-105). His animals have
been bled by as much as 50% of their estimated blood volume while unanes-
thetized and unrestrained. von Engelhardt reviewed the cardiovascular
parameters of swine, although much of the data was accumulated in anesthe-
tized animals (106). Awake swine have been used to investigate renal blood
flow at rest and during exercise (107), capillary flow during hemorrhagic
shock (108), humoral response to hemorrhage {109), and myocardial metabolism
after hemorrhage (110). The anesthetized pig has been used for a variety
of studies, including hemorrhage (111-117), efficacy of stromal-free hemo-
globin (118), and myocardial effects of anesthetic agents (119).

Our animals are first briefly anesthetized with an inhalation agent to
allow for placement of peripheral venous, arterial, and thermistor-tipped
pulmonary arterial cannulae. The trachea is intubated, the animal paralyzed
and ventilated with a tidal volume of 20 ml/kg, and ventilatory rate ad-
justed to maintain arterial PCO2 at 40 torr,

Inspired partial pressure of oxygen in arterial blood (Pj0p) is ad-
justed to maintain partial pressure of oxygen in arterial hlood (Palp) at
approximately 150 torr. The balance of inspired gas is nitrogen. End-
tidal partial pressures of Oz, COp, Ny, NyO, isoflurane, enflurane,
and halothane are monitored at the endotracheal tube orifici by mass spec-
troscopy. The pig is paralyzed with metocurine, 0.2 mg/kg=* IV, and
supplemented as required. Metocurine is used because of its lesser
cardiovascular effects when compared with pancuronium, gallamine, or
d-tubocurarine (120). A percutaneous venous catheter is placed in a
forelimb and a femoral arterial catheter is placed percutaneously. A
thermistor-tipped flow-directed Swan-Ganz catheter is introduced per-
cutaneously through a femoral vein into the pulmonary artery. Placement is
verified by pressure trace and the ability to obtain pulmonary arterial
(capillary) wedge pressure. Throughout these experiments, each dog's
temperature (measured by the PA catheter themmistor) is maintained within
+ 1 C° of the animal's original temperature. Following placement of
all cannulae and elimination of anesthetic agents by continued ventilation,

L% 2
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measurements are made in the normovolemic condition. Samples are withdrawn
from the femoral arterial and pulmonary arterial catheters for measurement
of arterial and mixed venous blood gases, pH, and oxygen concentration.
Blood gases are measured by Radiometer electrodes in Radiometer steel-and-
glass cuvets; pH is measured with a Severinghaus-UC electrode (121), all
thermostatically controlled at 37° C. Oxygen concentration is measured by
an electrolytic cell (LEX-0p-Con-TL) (122). As an indicator of tissue
oxygenation, blood samples are also withdrawn for the measurement of
lactate and pyruvate concentrations. To assess each anesthetic agent's
influence on the sympathetic response to hemorrhage, blood is sampled for
measurement of total catecholamine, epinephrine, and norepinephrine concen-
trations (123). To assess experimental effects on the renin-angiotensin
system, arterial blnod is sampled for assay of plasma renin activity (124).
Femoral arterial and pulmonary arterial blood pressures are continuously
transduced by Statham 23Db transducers. Pulmonary arterial wedge pressure
is measured by inflation of the balloon of the pulmonary arterial catheter.
Right atrial pressure is measured via the proximal lumen of the Swan-Ganz
cannula., Cardiac output is estimated by a thermodilution technique, inject-
ing 3 ml of 0° C 0.9% saline through the pulmonary arterial catheter, and
using an analog computer (Edwards Laboratories Model 9520A). Electrocardio-
gram is constantly monitored.

The following variables are recorded on a multi-channel polygraph and
on an FM magnetic tape recorder for later playback as required, and for
playback to a digital computer (N.B.: the digital computer belongs to
another laboratory and is not available during experimental periods): par-
tial pressures of oxygen, carben dioxide, nitrous oxide, enflurane, isoflu-
rane, and halothane at the trachecstomy tube orifice; femoral and pulmonary
arterial blood pressures (phasic; mean pressures are electrically generated
by the pre-amplifier; pulmonary arterial wedge pressure and right atrial
pressure are recorded on the same channel as phasic and mean pulmonary
artery pressure); electrocardiogram; thermodilution trace from the PA cathe-
ter thermistor--necessary to ensure that the washout is logarithmic and that
the computer-derived cardiac output value is valid. From these measurements,
the following are calculated: base-excess (125-126), stroke volume, mean
arterial and puimonary pressure, stroke and minute myocardial work, systemic
and pulmonary vascular resistances, total-body oxygen consumption (cardiac
output x Ca-v02) oxygen transport, and ratio of oxygen transport to oxygen
consumption. Following these measurements, the pig is bled during a 30-
minute period of 30% of its blood volume (106) through the arterial catheter
into a transfer pack containing heparin so that the final concentration of
heparin is 1 unit heparin/ml of blood. After a minimum of 30 minutes, all
measurements are repeated. Thus, we evaluate each swine awake in the normo-
volemic condition, and following 30% hemorrhage.

Each pig is randomly assigned to one of the anesthetic groups (each
having 10 swine) listed below. With the animal hypovolemic, we then induce
anesthesia with one of the following:

V¥ LA A WA
|
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Group I: Control; no anesthetic agent administered
Group TI:  Enflurane, 1.25 % end-tidal

Group III: Halothane, 0.50% end-tidal

Group IV:  Isoflurane, 0.85% end-tidal

Group V: Nitrous oxide, 60% end-tidal

Group VI: Ketamine (for IV dose, see below)

Group VII: Thiopental (for IV dose, see below)

The concentrations of inhalation agents have "een selected to be
slightly greater than one-half the required minimal alveolar concentration
in the normovolemic animal [hypotension reduces anesthetic requirement
(127)]. The doses of injectable agents (thiopental and ketamine) are es-
tablished in the following manner. Twenty-four to 48 hours before experi-
mentation, with the pig (normovolemic) resting quietly in a sling, the
amount of intravenous agent required to produce loss of 1id and corneal
reflexes and loss of response to ear-pinch is determined. The dose used
for induction of anesthesia during hypovolemia is one-half the dose estah-
1ished during normovolemia 24-48 hours previously., Ear-pinch following
induction with this dose during hypovolemia has failed to elicit any
response.

End-tidal gas partial pressures, systemic and pulmonary artery pres-
sures, and ECG are continuously recorded during induction. Q, PAPw, and
RAP are measured every 5 minutes during induction of anesthesia.

A1l measurements, calculations, and blood samplings (as indicated
above for the awake conditions) are performed at 5 and 30 minutes after
induction of anesthesia. In this way, both the transient and quasi steady-
state conditions are assessed.

Following these measurements, shed blood is returned, and after 30
minutes, all measurements, samplings, and calculations are repeated.
Anesthesia is then discontinued and calculations repeated 15 minutes after
the elimination of the anesthetic agent.

This experimental approach will allow us to show the influencc of time
(physiologic compensation, or deterioration, if any) on the preparation by
comparison of data obtained during the course of experimentation within
the control group, and by comparison, within each anesthetic group, of the
awake normovolemic values prior to hemorrhage with similar values after
return of shed blood and elimination of anesthetic agents.

The data will show the comparative cardiovascular influence of anesthe-
tic agents used for induction of anesthesia during significant hypovolemia.
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These results will allow us to provide recommendations to USAMRDC
regarding choice of anesthetic agents for use for induction of anesthesia
in a wounded soldier who is hypovolemic, and whose blood volume cannot be
adequately restored prior to surgery. These results may also allow us to
assess the efficacy of N20 during hypovolemia and to make a recommendation
regayding the continuation of supplying Np0 to a battlefield medical
facility.

Statistical Treatment of Data: Cardiovascular and metabolic variables
among anesthetic agents and the control group will be compared using analy-
sis of variance with repeated measures, and Neuman-Keuls method of multiple
comparisons (128). Similar statistical tests will be performed to compare
the awake hypovolemic with the anesthetized hypovolemic state, as well as
the awake normovolemic with the awake hypovolemic state. These tests will
be conducted as the series of experiments progresses, and the experiments
will be terminated upon achieving statistical significance (P < 0.05) among
anesthet ic agents, thus affording the possibility of using fewer than the
stated number of animals.
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C. Results:

1. Awake Hemorrhage:

We have successfully established the awake hemorrhagic swine model in
our laboratory. Loss of 30% of estimated blood volume results in physio-
logic sequelae similar to those occurring in other laboratory animals and
man. Data are shown in table 1 (p 31). Thirty per cernt hemorrhage causes
decreased right- and left-sided filling pressures (right atrial and pulmo-
nary arterial wedge pressures), resulting in a 44% decrease in cardiac
output. Despite an increase in plasma renin activity and catecholamine
concentration, resulting in increased systemic and pulmonary vascular
res istances, compensation was inadequate. Mean arterial blood pressure
fell 27%, and mean pulmonary arterial pressure, 28%. Although total-body
oxygen consumption did not change, systemic hypoperfusion was evident from
increased blood lactate concentration and decreased base excess.

2. Induction of Anesthesia during Hypovolemia:

We have now completed approximately two induction experiments with
each agent. Although it is too early to apply statistical analysis to the
results, some general trends appear. The control animals (no anesthetic
administered) show stable results with time. A1l agents (including keta-
mine) appear to result in hypotension following induction during hypovelemia.
The mechanisms causing hypotension may not be the same for all anesthetics.



D. Discussion:

The swine appears to be a quite satisfactory animal for laboratory
investigations involving hemorrhage. Swine are more readily available
than dogs, and in more uniform size. Their cardiovascular physiology more
closely resembles that of man than does the dog. Their response (cardio-
vascular, metabolic, hormonal) to hemorrhage is entirely in keeping with
what is known from other laboratory animals and man. Of passing note, we
were not able to substantiate the claim of others (106) that the swine has
high pulmonary artery pressure.

Our animals are undoubtedly not "at rest" as are those of Hannon (104-
105). However, it is necessary to ventilate the awake normovolemic animals
in order to conduct valid comparison of that state with the state following
induction of anesthesia. Nevertheless, the awake normovolemic values for
our swine appear to fall within the broad range of values reported by
others for unanesthetized swine (104-110,129), Hannon (104) has discussed
the possible reasons for data variability in the literature, and those need
not be repeated here.
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E. Conclusions:

The investigation is in progress; thus, conclusions are not possible.




F. Recommendations:

1. Swine should be considered for increased use for studies involving
hemorrhage.

2. The study described in this report should be completed.

3. Studies should be initiated to delinecate the mechanisms causing
hypoperfusion with induction of anesthesia during aypovolemia. These inves-
tigations are likely to result in ability to improve casualty management of
induction of anesthesia during hypovolemia.
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Table 1. Awake Swine Cardiovascular Response at 30% Blood Loss

Awake Blood Loss

Variable 0% 30%
Right atrial pressure, torr 2.0+0.6 0.0 + 0.4%**
Pulmonary arterial wedge pressure, torr 2.4 +0.3 0.6 + 0,3%%**
Heart rate, beats/min 121 + 9 179 + 15x%x*
Systemic vascular resistance, units H.7+1.4 48.0 + 3.2%**
Pulmonary vascular resistance, units 3.03 +0.16 4.45 + 0,38%%x%
Cardiac output, mi/min/kg 180 + 7 101 + Swwwx
Mean systemic arterial pressure, torr 131 + 4 95 + Twwrk
Mean pulmonary arterial pressure, torr 13.5 + 0.5 9.7 + (0 b¥wxw
Oxygen consumption, ml Op/min/kg 8.45 + 0.32 8.21 + 0.35
Base-excess, mmol/liter 3.6 + 0.6 1.1 + 0.8%%*
Blood lactate, mmol/liter 1.5 + 0.3 2.4 + 0.3%**
Plasma epinephrine, pg/ml 247 + 32 1395 + 362*
Plasma norepinephrine, pg/ml 137 + 18 485 + 212
Plasma renin activity, ng/ml 18.5 + 2.5 41.1 + 4.2%*x

n=17; n=
*P < 0.05
**p < 0,01
**%xp < (0,005
*kx%kpP < (0,001

7 for catecholamine concentrations and plasma renin activity.
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12. Addenda

A. Problems:

Several problems have been encountered during this contract period.

1. A key piece of equipment was delayed in arrival (1 March 1981),
and, thus, contract work could not begin until that date (as indicated in
quarterly report #1, dated 30 December 1980).

2. Dogs became increasingly difficult to obtain, and thus the model
was switched to swine (as indicated in quarterly report #1, dated
30 December 1980). Although swine have proven to be quite satisfactory,
this did result in some additional delays (as indicated in quarterly report

#3, dated 8 July 1981).

3. We occasionally continue to encounter some minor difficulty in
obtaining swine of the proper weight for the experimental dates desired.
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Acid-base nomograms for swine blood
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Abstract

Weiskopf, R.B., Townsley, M.I., Riordan, K.K., Harris, D.
and Chadwick, K. Acid-base curve and alignment nomograms

for swine blood.

We constructed curve and alignment nomograms for
acid-base status of swine hlood. These nomograms

differ from those constructed by Siggaard-Andersen

for human blood. We reappraised the methodology for
construction of the nomograms and discussed the possible

reasons for the observed differences.

Key-words: All key words are in the title.

Send proofs and reprints to R.B. Weiskopf, M.D.,
Department of Anesthesia, San Francisco General Hospi-
tal, 1001 Potrero Avenue, Room 3550, San Francisco,

California 94110, U.S.A.
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g‘ Acid-base nomograms for swine blood

In recent years, the pig has become increasingly popu-=
lar as an experimental animal. To maintain "normal"
values during some of our experiments [9], we needed to
know the acid-base parameters of swine blood. We were
unable to find this information in the literature.
Although we lacked information indicating specific
differences in acid-base parameters between human and
experimental animal blood, we were not especially
concerned until the report of Scott Emuakpor et al.
[12], which indicated differences between human and
canine blood in the hemoglobin-independent plot of

log PCO2 against pH. Those findings and our need to

; characterize the acid-base status of swine blood led to

the present investigations. As a result, acid-base

curve and alignment nomograms were constructed for swine

blood, and the methodology used for their construction ?

was reappraised.
MATERIALS AND METHODS

Collecticn and Handling of Blood

el A A L I T K

Four studies were performed; each study used the blood

of a different pig. Each pig's blood was handled in a

ot el Y % "t ol
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Acid=base nomogrdams for swine blood

similar fashion. Pigs were anesthetized with thio-
pentai, and 330 ml of arterial blood was collected in
heparin (33 units/ml blood). Whole blood was centfi-
fuged and three red blood cell dilutions (aproximately
9, 27 and 45%) were prepared from the separated red
blood cells and plasma., A sample of well-mixed original
whole blood and samples of .each dilution were placed in
ice for later determination of total protein [6], hémo-
globin [6], 2,3-diphosphoglycerate [8] and methemoglo-
bin [3] concentration. Blood samples were prepared in.
duplicate at base excesses (BE) of -25, -20, -15, -10,
-5, 0, +5, +10, +15 and +20 mEq/) at each of the three
hemoglobin concentrations (a total of 60 samples) by
adding 100 u1 of working acid or base solution (see
below) to 3.9 ml of blood. To prevent red cell lysis,
blood samples were briefly centrifuged at low speed,
and the acid or base solution was added to the swirl-
ing supernatant plasma. Samples were then gently but
thoroughly mixed. Blood preparation was followed -by
tonometry and measurement of pH. One member of each
pair of blecod samples was equilibrated for 7 min in an

Instrumentation Laboratories Model 213 tonometer with a
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Acid-base -nomograms for swiné blood

gas. mixture of 2.72% COp in Op; the other member of
the pair was similarly equilibrated with a gas mixture
of 9.60% COp in Op, The gas mixtures had been
previously analyzed in triplicate using the method of
Scholander [11]. (When these gas flows and concentra-
tions and blood volumes were used in preliminary
experiments, equilibration of blood with CQ2 was
achieved within 4-5 min.)

We measured pH using a Severinghaus-UC electrode
[13] thermostatically controlled at 38.8°C, and a
Lorenz Model 3 DBM=3 amplifier. The pH electrode was
calibrated with precisicn reference buffers (pH 6.839
and 7.379 at 38.8°C, Radiometer, 3-ml sealed glass
ampules). Electrode calibration was checked with the
7.379 buffer before and after each blood sample reading.
Measurements were performed -in duplicate with a maximal
allowable difference between the two determinations of
0,003 pH units. The mean '(x SD) of the difference
between the paired reading for all samples, calculated
without respect to sign, was 0.001 + 0.001 pH uniis,

Measurements of pH were corrected for red cell suspension

~
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A¢id-base nomograms for swine blood B

effect [17, 19]. Carbon dioxideé partial pressure was
measured in«dupldﬁéte using a COy electrode (Radﬁqmcter
E5036) in a steel-and-glass cuvet (Radiometer D616)
thermostatically controlled at 38.8°C: The electrode
was calibrated with gas mixtures analyzed in triplicate
using the method of Scholander [11]. A reading of a
standard gas with a Pco2 close to that expected for

the blood sample was taken before and after each blood
sample reading, Blood CO2 tensions were systemati-
cally measured to ensure equilibration of blood with
C0p. Mean (% SD) difference between measured and ex-
pected blood Pep, (calculated without regard to sign)
was 0.88 £ 0,27 mm Hg at PCO2 of 67.9 mm Hg. Readings

for pH and P, were corrected for electrode drift,

Preparation and Standardization of Acid and Base Solutions

A 1.0 N solution of NapCO3 (100%, certified alka-
limetric standard, Fischer Scientific Co.) was prepared
and used to standardize, by titration, what we deter-

mined to be a stock solution of 1.01 N HC1. The 1,01 N
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. . Acid-base nomograms for swine blood

HCT was used as a titrant for a stock solution of what
we determined to be 1.03 N NaHCO3. Concentrations of
0.2 N, 0.4 N, 0.6 N dnid 0.8 N acid and base working
solutions were prepared volumetrically from the stock
solutions. A1l working solutions were titrated as
described above, All titrations were repeated after
-completion of the bench laboratory work reported here;
no differences were noted between determinations made

before and after these experiments:

Data Analysis

vl

The data generated for each pig resulted in three
sets of values (one for cach concentration of hemog 1o~

bin). Each set contained values for pH and PCoy

x&&35 (0 to 20 mEq/ of

ﬂ)l

for blood sampleS at €ach bdsé

§ i R G

acid or base added). However, since the base excess of
the blood drawn from the animal was not necessarily
zero, the data was “"normalized" to correct for any
small acid-base imbalance at the time of sampling. To
accomplish this, Siggaard-Andersen and Engel [20, 23]
plotted constant COyp titration curves (pH vs. acid or

hase added) at both carbon dioxide tensions for each

.. .
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-Acid-base nomograms for swine blood

‘hemoglobin concentration. They curve-fit their data by
eye and hand, and similarly shifted the -axis for ‘the
added acid or base so that zero corresponded to pH
7.400 for the Pco, 40 mm Hg curve [18]. In following
their methodology, we noticed that minor differences in
curve-fitting and shifting the data "by eye" resulted 7
in relatively large differences in the final nomograms.,
Unable to arbitrarily resolve these ohserved differ=
ences, we used precise mathematical and graphical
techniques which were implemented by a computer.

For each- concentration of hemoglobin, we calcu-
lated regression coefficients using a forward stepwise
(with a backward glance) selection procedure [5) to fit

the model:

PH = (C1+Co*BE+C3*BEZ+Co*BES+C5*BEA)*log Peg,+
C+Cy*BE+Cg*BE2+CgBES+C) *BEY

This model has the following properties: a) for
any given BE the relationship between pH and log Pco,
is linear; b) the slope and intercept of this relation-

ship may vary non-linearly with BE; and c) for each
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Acid-base nomograms for swine blood

concentration of hemoglobin, the calculated coefficients
define a model that fits the data with high statistical
significance (RZ > 0.99).

For each level of hemoglobin, the equation:was
“normalized" to a pH of 7.400 for a BE of zero and a
Pco2 of 40.0 mm Hg, based on the observations of
Sawyer et al. [10] in awake mini-swine. This "normal-
ization" was accomplished by solving each derived
regression for BE .at pH = 7.4.and‘PCO2 = 40 mm Hg
using the Jenkins-Traub three-stage logarithm [7].

The result, BEgrpor, represented the deviation

of the acid-base status of the animal from zero at the
time the blood was drawn., Values for the amount of
acid or base added (BE) were then adjusted (shifted) by
the amount of BEgprpor. The above regression model

was then refit using the shifted BE values.

Curve Nomogram: Using the equations result.ng

from the above curve-fitting procedure, we calculated
the relationship between pH and log P(;o2 for each

of the three concentrations of hemoglobin at each level
of BE. Siggaard-Andersen and Engel [23] stated that

for each level of BE there exist a single pH and
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Acid-base nomograms for Swine blood

Pco, that are independent of ‘hemoglobin concentration.
Theréfore, for each level of BE, the three lines calcu-
Jated above should intersect at a single point. Brodda
EZJ has calculated that this can only occur if shifts in
water between the red blood cell and plasma that result
from changes in pH are taken into account. Experimen-
tally, the three isohemoglobin Tines at each level of
BE result in threé intersections. Several approaches
are possible when approximating the hemoglobin-
independent point by computer, For example, the three
points of intersection could be averaged. However,
this method can be shown to be subject to large error
when two of the hemoglobin lines are nearly paka]le].
Other simple methods of approximation are similarly
subject to error. At the expénse of being more complex
and cumbersome, our approach avoided this potential
error.

We approxfimated the hemoglobin-independent point
by -calculating the point which minimized the mean
square difference in pH and in log PCO2 between the
point and the three buffer slope (isohemoglobin) lines.

Intuitively, such a point would be the point requiring
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Acid-base nomograms for Swine blood

the smallest change in the projection of the three
‘henoglobin lines in order to .produce a common intersec-

tion. We derived this point in the following fashion.
Let (pHing, log Pcozind) be the Hb-independent point.

Let mj and by, i =1, 2, 3 be the slopes and
intercepts of the three linear relationships calculated
from the regression model for a given BE (i.e., pH =
mi log Pco, + bij). Solve the following set of equa-
tions for pHing and log Pgg, ind:

dX

SUNIE———

d(pHing)

where X = (pHy = plling)? + (pHz - pHing)? + (pH3. = pHing)?

dy

e

d(log PCOgind)

i
<

where Y = (log P(;o21 log Pcozind)z *

(log Peog, - log PCOZind)Z +

(Tog Pgg,, - Tog Peoy,
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Acid-base nomograms for swine ‘blood : P H

pHj = my log Pcoz”ind + b

for i =1,2,3
loa.p PHind - bj
09 FCOp, = ———
2 m;
A curve nomogram was then plotted by connecting the
hemoglobin-independent points for a series of BE values.

Alignment nomogr am: Curve-shifted data were used

for a computerized construction of the alignment
nomogranm, in a manner similar to that described by

Siggaard-Andersen [21].
"Mean" Pig

For each pig, the previously derived regression
equations (one for each concentration of hemoglobin )
were used to calculate pH values at each standard
PCOZ, at each standard base-excess. The resulting
four pHt values (one per pig) at each P502,~BE and con-
centration of hemoglobin were averaged, thu$S producing
a set of data representing the "mean" pig. Raw data
could not be used for this purpose because the base-
excess values of the sampled blood differed slightly

among pigs, thus requiring differing degrees of "curve-
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shifting" to achieve "normalization". "Mean" pig data
were then handled as if they were from a single pig,.
and the above described analysis was performed.

The result was separate "mean" curve and alicnment

nomograms.
RESULTS

fhe mean acid-base curve nomogram for swine blood is
depicted in Fig. 1; the data are presented in Table I.
We compared our curve nomogram for swine blood with that
of Siggyaard-Andersen [20] for human blood, and with

that of Scott Emuakpor [12] for canine blood (Fig. 2).

The alignment nomogram is shown in Fig. 3.
DISCUSSION

Our mean curve and alignment nomograms for swine blood
are different from nomograms for human blood [20, 21]
and canine blood [12] (Fig. 3). To compare the align-
ment nomogram with that drawn by Siggaard-Andersen for
human blood {21, we plotted our data of known pi,
PCOZ’ hemoglobin concentration and base-excess on

the Siggaard-Andersen alignment nomogram as if we were

unaware of the true base-excess value. The base-excess
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Acid-base nomograms for swine blood

values determined from the Siggaard-Andersen norogram
were compared with the true BE values. Thg\resu}tant
estimated base-excesses differed (P<0.001) from the
known base-excess of all b]obd'samﬁ1es at all concen-
trations .of hemoglobin and base-éxcess, except at axBE
of zero, for which the results are definitionally
identical. In nearly all cases, however, the calcu-
lated value was within + 10% of the true value.

There are several possible explanations for the
differences between our nomogﬁamvand that of Siggaard-
Andersen. Neither set of data is based on the blood of
a large population: Siggaard-Andersen used the blood
of four people, we used four swine. However, in our
experiments, individual variation did not appear to be
an important problen.

some ol Lhe observed differences may relate to
differences in species, Scott Emuakpor et al. {12]
described a curve nomogram for canine blood which
differed from Siggaard-Andersen's curve nomogram for
humnan blood. The buffer value of plasma proteins and
hemoglobin can vary among mamnalian species [4, 24],

and this may account for some, but not all [22], of the
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@ 7 ~ Acid-base nomograms for swine blood

differences among the nomograms. Measured total pro-
tein -of our swiné blood (7.2 £ 0.3 g/d1) was simidar to
the normal value for man.

To .create blood samples of altered base-excess,
we avoided important dilution of plasma proteins by
adding small amounts of relatively concentrated (0.2~
0.8 N) acid or base. We thereby produced some altera-
tions in jonic strength of blood, which may account for
some of the differences :between our nomograms for swine
blood and those of Siggaard-Andersen for human blood
(20, 21]. However, our curve nomogram for swine hlood
differs even more from the original curve nomogram of
Siggaard-Andersen and Engel for human blood [23], for
which the identical method of addition of acid or -base
was used,

To construct the nomograms, we followed the gen-
eral methodology of Siggaard-Andersen, However, the
two methodologies differ in several important ways.

We used a method different from that of Siggaard-
Andersen to "shift" the original data in order to
"normalize" the drawn blood to the established defini-

tion of BE = 0, pHt 7.400, Pgo, 40.0 mm Hg. Siggaard-
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Andersen accomplished the following tasks graphicalily,
fitting the curve and selecting the points by eye

[18]: .a) curve-fitting the two constant COp titration

curve plots (pH vs. acid or base added) at each concens
tration of Hb; b) estimating similar data for Pco,
40 mm Hg, assuming a Tinear relationship between Tog
Pco, and pH, followed by curve-fitting of the Peo,
40 mm Hg data as in a); c) estimating the axis shift
(acid or base added) to align the Pco, 40 mi Hg data
so that at a pH of 7.400, base-excess was set equal to
zero; d) estimating from the hand-drawn iso-Pco2
curves, the pH at pre-selected levels of base-excess.
We accomplished all of the above with a computer, the
resulting curve-fit equations describing the data with
an accuracy of more than 99,95%.

To draw the base-excess grid, Siggaard-Andersen
used his previously developed pH-1log PC02 curve
nomogram for onc set of blood pH and Pco, values,

and an empirical relationship between buffer base, |

hemoglobin concentration and base-excess to estimate

the required second pair of blood pH and PCo,

values. Because of our uncertainties regarding the
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Acid-base nomograms for swine blood i

specificity of the pH-log PC02 curve nomogram and

the empirical relationship described above, we chose

F to use our -original data and the computer—generated
curve~fits to that data to determine the base-excess '
grid.

To generate the continuous isohemoglobin lines of
the base-excess grid from the original data, -we devel-
oped computerized empirical mathematical equations
that were plotted by computer. Siggaard-Andersen used .
points determined graphically to draw curves by hand.
Although we :have not examined systematically the dif-
ferences between the two techniques, we did note before
completion of the computer programs that seemingly
3 small, unimportant interpretive differences that
occurred when drawing. curves by hand through the ori-
ginal data created relatively large differénces in
the estimated amount required to shift the "acid-or-
base-added" axis. These differences created relatively
large differences in the aiignment nomogram.

Another difference between Siggaard-Andersen's
nomogram and our own is the temperature at which

tonometry and measurement of pH were nerformed,

.
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Siggaard-Andersen's experiments were performed at 38°C;
ours were performed at 38.8°C (normal body temperature -
for swine). Siggaard-Andersen correctly stated that
measurements performed at temperatures within + 2°C of
38°C (the standard temperature of his nomogram) are
"without any practically significant error" [21]. We
temperature-corrected some of our pH and PCQZ data
from 38.8°C to 38.0°C, arnid then estimated base-excess
from our nomogram., All estimates were within + 0.1
mmo1/1 of the true value, Similarly, using established
data for pK" and solubility of COp in plasma [14], we
determined that change in calculated plasma HCO3~
between 38.0°C and 38.8°C was less than 0.1 mmol/1,
Finally, there are differencés in the methodology
of measuring pH, the major variable upon which these
nomograms rest. As a result of advances in design and
construction of pl electrode [13) and amplifier [16],
our determinations of pH probably had less variahility
| (0.001 £ 0.001 pH units, SD) than did the measurements
of Siggaard-Andersen. Variations in the measurement of
pH that are usually considered minor (e.g., 0.003 pH

units) result in surprisingly large differences in the




Kcid=base nomograms for swine blood

final nomogram, because relatively small changes in the
slope of nearly parallel lines greatly alters their
point of intersection. Small variations in pH create
the largest changes in the nomogram in the base-excess
range of +10 to +25 mEq/1: the range in which our

nomogram differs most from that of Siggaard-Andersen.
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Acid-base nomograms for swine blood .

Table I. Swine base .excess curve nomogram

— B S

Coordinates. Coordinates
Base excess pii Pco, Base excess pli PCUz
(mEq + 1-1)  (Units)  (mm Hg) (mEq - 1-1)  (Units)  (mm Hgy

~20 7.145 19.7 0 7.400 40.0
-19 14162 207 +1 7.412 40.6.
-18 7.178 21.8 2 7.424 41,0
-17 7.194 22.9 3 7.436 41.4
-16 7.208 24.1 4 7.448 41.6
-15 7,223 25.2 +5 7.461 al.”
-14 7.236 26.3 6 7.474 41.8
-13 7.249 27.5 7 7.488 41.8
-12 7.262 28.6 8 7.502 41.6
-11 7.275 29.8 9 7.517 41.3
-10 7,287 30.9 +10 7.632 40.9
-9 7.298 32.0 11 7.548 40.4
-8 7.310 33.1 12 7.565 39.8
-7 71,321 34.1 13 7.582 39.1
-6 7.333 35.1 14 7.600 38.3
-5 7.344 36.1 +15 7.618 37.4
-4 4.355 37.0 16 7.637 36.4
-3 7.36b 37.9 17 7.657 35.3
-2 7.377 38.6 18 7.678 3.2
-1 7.389 39.4 19 7.700 33.0
+20 7.72¢ 31.7
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E : ( Acid-base nomograms for swine blood

Figure Legends. -

Fig. 1. Mean swine acid-base curve nomogram. See text
for derivation of "mean" values of four swine and

construction -of the nomogram.

L

Fig., 2. Comparison of our "mean" swine data (O ---0O)
with the human data of Siggaard-Andersen (A ---A) and

the canine data of Scott Emuakpor (©---0).

Fig. 3. Mean swine acid-base alignment nomogram. See

text for derivation of "meani™ data and construction of

the nomogram,
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5

Comparison of Cardiopulmonary Responses-to Graded
Hemonhage during Enflurane Halothane Isoflurane,

Richard B, Weiskopf, MD,* Mary 1. Townsley, BA,t Kathryn K, Riordan, BS,:l:

" Karen Chadwick,BS Mark Baysinger,.BS,{.and Eileen Mahoney, BA;!:w )

WEISKOPF, R. B., TOWNSLEY M. 1., RIORDAN, K. K., CHADWICK, K., BAYSINGER, M., AND MAHONEY, E.; Comparison of
cardiopulmonary responses to graded hemorrhage during enflurane, halothane, lsoﬂurane, and kefamine anesthesia.
Anesth Analg 1981,60:481-91,

To assess the'influence of anesthetic agents during mild to moderate hemorrhage, the cardiopulmonary function of
tive dwake, unmedicated dogs was compared with that during-anesthesia with enilurane, halothane, isotlurane, and
ketamine, Each dog was evaluated dufirig-anesthesin with.each: agent during- normovolemla andaﬂer blood losses of
10%, 20%, and 30%. Before blood loss, in comparisor with the awake state, ketamine increased heart-rate (118t
11 beats/mm. awake, vs8 168 x 17) and cardiac output'(5:3 + 0.4 L/min, awake, vs 6.0-+ 0.2),-Halothane and
isofiurane did not alter these variables. Enflurane decreased mean arterial blood pressure (110 % 2 torr, awake, vs 72
+ 3), cardiac output (3.5 % 0.1 L./min), and stroke volume (46 % 4 ml, awake, v8 29 & 2) to a greater extent.than did
the other anesthatics, Blood loss decreased cardiac output more with ketamine than with the inhalation anesthétics
(ketamine, 0.12Q L/mm/percomage of blood loss; halothane, 0.077; Isoflurane, 0.071; enflurane, 0.058; determined
by least-squares linear regression, 0-30%:blood loss), so that after 30% hemorrhage cardlac output was essantially
the same during halothane (2.45 % 0.19 L/min), isoflurane (2,83 + 0.19 L/min), and ketamine (2.48 x'0.15 L/min)
anesthesia. Also, during hemorrhage. systemic vascular resistance increased most. with ketamine: thus, after 30%
blood loss, mean arteriat blood:pressure.was highest with ketamine (ketamine, 94 = 7 torr; enflurane, 48 = 5 torr;
halothane, 81 % 4 torr; isoflurane, 58 % 4-torr). Rate-pressure product and minute work were highest wilh ketamime
throughout hemorrhage, except for minute work.after 30% blood loss, These cardiovascular changes ware:raflected
in the measurements of matabolism Total body oxygen consumption (Vo,) was highest with ketaming after 0% to 20%
blood foss (e.g., after 0% blood loss: ketamine, 8.6 = 1.2 mi of O,/min/ky; onllurane, 4.5 1 0.5; halothang, 4.0 +
0.3; isoflurane, 4.9 = 0.6). During blood loss, Vo, did not changé with any inhalation anesthetic, but decreased with
ketamine (6.0 £ 0.5 mi of O,/min/kg after 30% blood loss); this decrease was associated with an increase in arterial
blood lactate concentration and base deficit (ketamine, BE ~8,0 x 0.5 meq/L after:30% blood loss), suggesting that
oxygen demand was not met during hypovolemla with ketamine anesthesia, in contrast, fack of change in blood
lactate, base deficit, or oxygen consumption during hemorrhage with the inhalation anesthetics suggests that oxygen
demand was satisfied when the dogs were bled during enflurane, halothane,.or isoflurane anesthesia.

Key Words: ACID-BASE EQUILIBRIUM; ANESTHETICS, Intravenous: ketamine; ANESTHETICS, Volatile:.enflurane,
halothane, isoflurane; HEMORRHAGE: anesthetics, effects of; METABOLISM: lactate,
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EMORRHAGE stimulates the sympathoadrenal
system. Anesthetic agents also may inhibit,
stimulate, or have little influence on this system dur-
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ing normovolemia. It is not obvious whether addi-
tional stimulation, no effect, or inhibition of the sym-
pathetic system would be most beneficial in anesthe-
tized hypovolemic patients. Hemorrhage has.been the
subject of many investigations, most using one of the

standard “shock” models, in which an experimental
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ANESTHESIA AND HEMORRHAGE

animal-is bled to and maintained at a predetermined
arterial blood pressure. Few investigations have used

graded, measured hemorrhage as the irdependent

variable.

Although a‘few limited studies-of‘hemorrhage have
used awake human volunteers (1), and some studies
‘have used awake, restrained animals (2), most inves-
tigations have-used anesthetized animals. These stud-
ies usually used injectable anesthetic agents, résulting
in varying anesthetic depth during the course of the
experiment. When an inhalational anesthetic agent
was used, induction of anesthesia was usually accom-
plished with an injectable anesthetic, or constant end-
tidal concentrations were not maintained, resulting in
uncertain depth of anesthesia. When the influence of
anesthetic agents on hemorrhage has been investi-
gated, failure to remove the spleens of the experimen-
tal dogs (3-7) could have allowed uncontrolled and
unquantified “autotransfusion” of as much as 35% of
the shed blood (8).

Only Theye et al (7) compared in a single study the
influence of three anesthctic anesthetics (cyclopro-
pane, halothane, and isoflurzne) on cardiovascular
function during, and the metaoolic consequences of,
equivalent graded hemorrhage in dogs. Because they.
used survival times as their end point, comparing the
effects of different anesthetics in the same animal was
not possible. They did not remove the spleens, nor
did they compare results during hemorrhage with
those of awake, unmedicated dogs.

In the present report we have assessed, in hypo-
volemic dogs-in which spleens had been removed, the
benefits and disadvantages associated with the admin-
istration of anesthetics with differing effects on the
sympathetic system. Ketamine, an anesthetic with
stimulant-like properties that is frequently recom-
mended for clinical use during hypovolemia, was
compared with halothane, which likely inhibits re-
lease and activity of catecholamines (9, 10), and with
enflurane and isoflurane.

Methods and Materials

We removed the spleens from five healthy mongrel
dogs (25 to 32 kg each), previously trained to lie
quietly in the laboratory, and provided them with
chronic tracheostomies and exteriorized carotid arter-
ies. A minimum of 2 wecks intervened between sur-
gery and the studies. All animals were in good health
for each study. All dogs were studied (in random
order, separated by a minimum of 2 wecks between
successive studies) awake or with 1.15 MAC of the
inhalation anesthetics, or with a continuous infusion
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of ketamine., All animals breathed spontanéoisly at
all times,

For the:studies with inhalation-anesthetics, the dogs
were connected to a circle breathing circuit. through

a cuffed tracheostomy tube and’ a non-rebreathing
‘Rudolph valve, Animals received no -premedication.

Anesthesia for the studies of haldthane, enflurane, or
isoflurane was induced with the agent to be studied,
and was maintained at a constant end-tidal concen-
tration of 1.00% halothane, 2.50% énflurane, or 1.69%
isoflurane. The anesthetics were always delivered in
a mixture of-oxygen and nitrogen that was adjusted
to-riaintain Pao, close to 100 torr.

For the studies with ketamine; anesthesia was in-
duced intravenously with 5.0 mg/kg of ketamine, and
was maintained by a continuous infusion of ketamine
in the smallest amount necessary, to' prevent” gross
movement (mean X SE, 0.25 £ 0.03 mg/kg/min).
After the induction of anesthesia, carotid and pul-
monary arterial catheters were inserted percuta-
neously, and the dog was placed in the left lateral
decubitus position.

For the awake studies, animals were first anésthe-
tized. with thiopental, 7.0 mg/kg; anesthesia was
maintained with 70% N.O in O; to allow for place-
ment of carotid and pulmonary arterial catheters, No
additional thiopental was administered, and N2O was
discontinued. Animals were studied at least 2 hours
after awakening, at which time resting Paco, did not
differ from Paco, measured on another vccasion be-
fore administration of anesthetics or other drugs.

Ventilation was measured by using the rebreathing

bag in the circle breathing system as a bag-in-a-box:

connected to a wedge spirometer (mode! §70, Med-
Science Electronics, Inc). We continuously measured
Po, Pco, and the partial pressure of halothane, en-
flurane, or isoflurane at the tracheostomy tube orifice
by mass spectroscopy (Perkin-Clmer, model MGA
1100A) (11) (Townsley M1, Brinks HA, Weiskopf RB,
Measurement of enflurane and isoflurane by mass
spectrometry. Abstracts of Scientific Papers, Annual
Meeting of the American Society of Anesthesiologists,
Qctober 21-25, 1978, Chicago, llinois, pp 289-90).
Carotid and pulmonary arterial pressures were meas-
ured by transducers (Statham 23 Db). Mean systemic
and pulmonary arterial pressures were derived by a
Brush recorder preamplifier. Cardiac output was es-
timated using a thermodilution technique, a thermis-
tor-tipped pulmonary arterial catheter (Edwards Lab-
oratories), and an analog computer (Gould, model
SP1425). Cardiac output measurements were repeated
until two successive measurements displaying satis-
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factory washout curves differed by.no more than 0.2
L/min. This usually occurred within two or threé
measurements. These physiologic parameters and the’
partial pressures of the measured gases and vapors
were recorded:graphically-(Gould.Brush, :model.200,
eight-channel polygraph) and magnetically (Hewlett-
Packard, model 8868A FM tape recordér). Systemic
vascular resistance was calculated as mean systemic
blood pressure divided by cardiac output. Pulmonary
vascular resistance was calculated as the difference
between meéan pulmonary artery-pressuré-{(PAFj-and
pulmonary artery-wedge-pressure.divided by cardiac
output. Left ventricular stroke work (LVSW) was
calculated as the product of mean systolic blood
pressure and stroke volume, Left ventricular minute
work (LVMW) was -calculated as the product of
LVSW and heart rate.

Circulatory and ventilatory variables were meas-
ured during normovolemia and after 10%, 20%, and
30% reductions in the animal’s estimated blood vol-
ume (12). Each dog's temperature, measured in the
pulmonary arterial blood, was maintained within'1 C
of its initial value by the use of circulating water
heating pads.

Successive 10% reductions in blood volume were
accomplished by drawing bloed through the carotid
arterial cannula-over a period of approximately 10
minutes, The blood was collected into sterile, 600-ml
transfer packs containing heparin, so that the final
concentration was 3 units of heparin per milliliter. of
blood. At least 10 minutes of stability was allowed
after each reduction in blood volume before begin-
ning measurements at that level of oligemia. Follow-
ing studies at 30% blood loss, the collected blood was
trans{used through a microfiiter (Pall SQ40SK Ultipor
blood transfusion filter); 20 minutes later all measure-
ments were repeated and compared with values ob-
tained before hemorrhage.

During each of the experimental conditions, Pao,
and Paco, were measured by Radiometer electrodes
in steel and glass cuvets; pH was measured by a
Severinghaus-UC electrode (13). All electrodes were
maintained. at 37 C. Calibrating gases and buffers
were measured before and after each biood sample
reading; the measurement was corrected for electrode
drift, liquid-gas factor (14, 15), and the dog’s temper-
ature (16). Oxygen concentrations of systemic arterial
(Cap,) and pulmonary agerial (Cv,) blood were
measured in duplicate by a galvanic cell instrument

During each condition, aiterial blood samples were
obtained for énzymatic-measurément of whole-blood
lactate concentrations (19).

Results in- the normovolemic anesthetized state
were compaied with results-in the awake condition
by. analysis.of variance with repeated measures and
by Student’s t-test for paired data. For each anesthetic,

the influence of hemotrhage on the measured and:

calculated variables-was assessed by analysis of vari-
ance with repeated measures. Comparison among
anesthetic agents.at normovolemia-and-at-cach-level
of hemorrhage was accomplished by analysis of var-
iance with repeated measures and by Newman-Keuls
method of multiple comparisons, Data obtained in
normovolemic, anesthetized state after the return of
shed blood were compared with data obtained before
hemorrhage using the paired Student’s t-test:(20). In
all cases, p < 0,05 was considered statistically signif-
icant:

As a control, all animals were anesthetnzed with
ketamine for:a second time; the same.induction and
maintenance doses:were used. Although no hemor-
rhage was instituted, all:other procedures and meas-
-urements were the same as in the first ketamine
experiment, including the times at which measure-
ments were performed. Statistical analysis of these
data did not indicate significant change in any meas-
ured variablé with time during ketamine anesthesia.

Results

Awake vs Anesthetized States (during
Normovolemia)

Mean (£SE) values for the five normovolemic dogs
are presented in Table 1.

All inhalation anesthetics decreased mean arterial
blood pressure ’Bl’a) The increase in BPa-observed
during ketamine anesthesia was_not statistically sig-
nificant. During normovolemia, BPa was higher with
ketamine than with halothane, which was higher than
with isoflurane, which was higher than with enflur-
ane,

Cardiac output {Q). decreased-with enflurane, in-
creased with ketamine, and did not change with hal-
othane or isoflurane. During normovolemia, Q was
higher with ketamine than with all inhalation anes-
thetics, and significantly lower with enflurane than
with all other agents.

R
E
. (Lex-Os-Con-TL, Lexington Instruments) (17). Base Only ketamine altered {increased) heart rate. Left
} excess was estimated using a modification of the  ventricular stroke volume decreased only with enflur-
} ; equations of Severinghaus (18). ane, and during normovolemia it was higher with
L 3
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ANESTHESIA AND HEMORRHAGE

TABLE 1 .
Comparison of Cafdiorosplralory Rooponsos of Five Dogs. Awako and Anosthetuod dufing Zofo Blood Loss® Y

h o Awake Enflurane Halothane lsoﬂurane " Ketamine
End-tidal concentration (%) 0.0: 2.48 £ 0.03 0.99 % 0.01 1.68 £.0.01 NA
‘BPa (torr) 109.6 + 2.1 71.8 £ 3.3¢ 99.4 + 2.3 83.0 & 7.0 124.0-+6:6
HR (beals/min) 118.4 £ 10.8 117.8 £ 2.8 116,0-% 5.8 1250+ 5.5 167.6 £ 17.4"
Q (L/mny 5.29 £ 0.35 3.45.x 0.14° 4.80.x 0.18 5.00 £ 0.20 5.97 £ 0.18*
SV (ml) 45.6 £ 3.5 29.4 + 1:6° 418 £ 2.6 40.1 £ 0.7 37.56+ 4.8
LVSW {(g.x m) 5.31 £ 0.47 2.25.+ 0.21° 4,41 £ 037 341 4 0.317 4.92 +0.66.
LVMW (g X m/min) 611 % 37 263 x 19° 506 £ 30° 421 & 27° 783 £ 44°
SVR (torr/L/min) 21.2%£18 210 1.1 20.8 £ 0.5 16.8 £ 1.8 208 £ 1.4
PAP (torr) 11.2£20 143.£ 1,4 147 £ 1.8 145414 14.0:% 1.6
PVR (torr/L/min) 1.09 £ 0.14 1.62 £ 0.22 1,52 £.0,18 1.58 +.0.39 1.85 2 0.21
C(a-V)o, (mi Oz/dl) 4.2 £0.29 3.8 +0.35 22%017* 2.8 £ 0.22° 4.2 £ 0.53
Vo, (mt Oz/min/kg) 7.73 £ 0.48 4.46 £ 0,52 3.95 £ 0.327 4.92 % 0.55° 8.55 =117
To. (Ml Oz/min/kg) 32,7 x 2.4 20.1 £ 1.6° 29.7 0.8 204 + 2.0 36.8% 1.2
Tos/ Vo 4.26 £ 0.28 4.65 £ 0.43 7.76 2 0.52° 6.14 % 0.49° 4.58,+:0.53
Pao, (torr) 97.8 £ 3.8 109.8 £ 3.7* 95.9 £ 1.0 107.9 £:5.2 123.6 £.8:4
Pago, (lorn) 31.3:¢ 1.5 49,3 + 2.8° 42,0 £ 2.3 £6.2 £ 2.3° .32i4 1.0.9
pHa 7439 £ 0011  7.208 £ 0.018° 7.336 £ 0.010° 7.200 £ 0.022° 7.416.%:0.015
BE (meq/L) =3-3-%-086 =24-£ 0.7 -34 1.1 -39+ 09 -39 %'0.7
Het (%) 38.1 % 0.6 39,3 + 0.6 38.7 £ 0.5 383 % 1.5 3884113
Lactate (mM/L) 1.39  0.14 0.33 % 0.08° 1783 +.0,28 0.86 % 0.11* 1.75 % 0.41
PAPw (torr) 55 1.7 8.7 1.4 70 %22 7.6 £ 2.5 §3 2 1O
RPP (x 109 168 £ 1.1 -11.0 £ 0.3 14.5 % 0.8 139 £ 1.2 28.3 & 2.8
Ve (L/min) 38105 58 %09 5.7 % 1.9 14.5 211
1, (Greaths/min) 9.0.% 1.8 19.2 ¢ 4.9 21,9 & 12,4 397 2 4.4
V(L) - 0.47 £ 0.04 0.32 1 0.03 0.37 & 0.06 038 1 0.06

* Values are means 2 SE of tive doqs Abbreviations used. are: BPa mean arteial blood pressme. HR, heart rate, Q, cardiac
output; -8V, siroke volume; LVSW, left ventriculaf stroke work; LVMW, left ventricular minute work; SVR, systemic vascular resistance,
P#P mean pulmonary arterial pressure; PVR, pulmonary vascular resistance; C(a-v)o,. arterial-venous oxygen concentration
ditference; Vo, total body oxygen consumption: To,, Oxygen transport; Pao,, patial pressure of oxygen in artenal’blood; Pao,,
panial pressure of carbon dioxide in arterial blood; pHa, arterial blood pH. BE, base excess of artersal blood: Hetrhematocrits PAPw,
pulmonaty arterial wedgo pressute, RPP, rate-pressure product; Vg. expired-minute ventilabon; 1, tespiratory fiequency; Vi, tidal
voluma; NA, not applncable Cotnparison of responses produced by each anesthetic saparately with-awake stale. *p < 0.05, n <
0.01, °p < 0.003, and “p < 0.001. For other slatistical information, see Tables § and 6,

isoflurane and halothane than with ketamine and
enflurane.

LVSWork decreased with isoflurane, and to a
greater extent ‘with enflurane, Ketamine and halo-
thane did not.alter LVSW; consequently, LVSW .was
lower with enflurane than with the three other anes-
thetic agents. Similarly, LVMW declined with enflur-
ane and isoflurane, but increased with ketamine as a
result of increased heart rate. Consequently, during
normovolemia, LVMW was greater with ketamine
-than with the three other anesthetics, whereas LVMW

was lower with enflurane than with the three other

anesthetics.

None of the four agents altered peripheral or pul-
monary vascular resistances or mean pulmonary ar-
terial or pulmonary wedge pressures,

Total body oxygen consumption (\'/o;) decreased
with all three inhalation anesthetics and did not
change with ketamime. Consequently, during nor-
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movolemia, Vo, was higher with-ketamine thanwith
all three inhalation anesthetics. The ratio of oxygen
transported to oxygen consumed (To / \'/(,,) increased
with halothane and isoflurane, but did not change
with either ketamine or enflurane. During.normovo-
leria, To,/Va, was higher with..s'athane than with
all other agents, and was higher with isoflurane than
with either-enflurane or ketamine.

None of the anesthetics altered base excess. Blood
lactate concentrations decreased sigmificantly with en-
flurane and isofiurane and did not change with halo-
thane and ketamine. There were no differences ameng
blood lactate concentrations for these anesthetic
agents during normovolemia.

Physiologic Sequelae of Hemorrhage

Cardiopulmonary responses to the four anesthetic
agents during 10%, 20%, and 30% blood loss are
shown in Tables 2, 3, and 4, respectively; statistical
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TABLE 2
Cardiorespiratory Responses of Five Anesthetized Dogs during 10% Biood Loss®

j Entlurane Halothane Isotturane " Ketamine
End-tidal concentration (%) 2.49 + 0.04 1.00 % 0.01 1.72 % 0.02 NA.
BPa (lorr) 69.6 + 2.6 91.8 £ 3.3 77.8.% 4.4 124.0-% 5.6
HR (beats/min) 117.4 2 2.9 104.6 + 5.3 120.2% 2.7 177.8 £17.6
@ (L/min) 2.92 £ 0.10 3.74 £ 0.08 415 x 012 5.11. 0.39
SV (ml) 23.8 £ 0.4 36.0 £ 1.7 346 + 1.3 29.8. 3.1
LVSW (g X m) 1.74 £ 0.07 351 £ 0.28 2.86°%°0.23 '5386-+0:35
LVMW (g. X m/min) 215 + 15, 362 + 15 343 1 26 672 + 58
SVR (torr/L/min) 238+ 0.7 24.6 £ 1.1 18.7 £ 0.9 24,7 £ 2.0
PAP (torr) 123+ 1.3 1.7 % 1.9 11.9 £ 1.0 11.6 £1.9
“PVR (torr/L/min) 1.94 £ 0.33 1.47 £ 0.28 1.75 + 0.26 1.82 0,07
Cla-F)o, (ml Oz/a) 4.4 + 048 3.4 +0.14 3.7 £ 0.37 6.0 £ 0.70
Vo, (ml Oz2/min/kg) 4,39 £ 0.61 4.70 £ 0.12 5.40 + 0.53 10.53 £ 1,24
To, (ml Oz/min/kg) 16.4 £ 1.6 23.1 £ 0.6 23.0 % 1.1 31219
To:/Vo, 3.92 + N.43 4.93 £ 0.17 4.42 % 0.50 3.08 20,28
Pag, (torr) 1108 < %5 96.9 £ 3.4 105.4 + 2.8 123.1 £ 5.7
Paco, (torr) 452+ 1.8 42.4 = 2.1 54,5 + 3.2 300 x1.4
pHa 7.328 +.0.010 7.329 + 0.012 7.230 % 0,027 7.401 4 0,020
BE (meq/L) -25% 0.6 -3.9% 1.0 -4.9 ¢ 0.6 -5.5 % 1.1
Het (%) 38.3 % 0.6 37.1 £ 0.9 36.4 £ 1.0 37.8x 1.1
Lactate (mM/L) 0.34 % 0.10 1.87 £ 0.24 0.88 % 0.14 2.57 £ 0.43
PAPw (torr) 6.6 1.6 6.3 %18 52 % 2.1 51 1.0
RPP (x 10%) 10.4 £ 0.3 121205 12.4: 0.8 305 & 4.1
v (L/min) 5.1 % 0.4 5.1 £ 0.6 4.7 209 15,0 2 1.9
f (breaths/min) 120 4 0.9 16.7 £ 3.9 14.5 1 55 48.2 2102
Vi (L) . 0.43 + 0.03 0.30  0.02 0.39 + 0,05 0.34 2 0.04

A ———— S S0 o g et Sy Rt

* Values are means x SE. Abbreviations are dolinesd i

footncte to Table 1 For stalistical information, soe Tables 5 and 6

TABLE 3
Cardiorespiratory Responses of Five Anesthetized Dogs during 20% Blood Loss*

Entlutane Halothane Isoflurane Ketamine
End-tdal’concentration (%) 252 % 0.02 1.02 = 0.01 1.69 £ 0,02 NA
BPa (torr) 618234 888 ¢ 28 69.0 £ 3.3 1124179
HR (beats/min) 119.6 & 4.2 1138+ 8.9 1208 £ 4.3 190.2 £ 2/.0
& (L/min) 238 1 0,14 3.10 £ 0.14 3.52 4. 0:13 3.58 * 0.27
SV (ml) 199 211 27.8% 1.9 292 % 1,2 20.2 £ 3.0
LVSW (g X m) 1.31 £ 0,14 2.62 £ 0,25 2,13 £ 0.13 2.61 = 0.51
LVMW (g X m/min) 157 x 18 290 % 11 256 x 12 468 x 90
SVR (torr/L/min) 262 £ 1.4 290 £ 1.9 19.8 & 1.4 326 223
PAP (lorn) 106 = 1.2 10.0 £ 1.4 9.2%1.5 9.2 %21
PVR (torr /L. /min) 1.87 + 0.31 2.36 % 0.22 1,68 % 0,18 1,99 2 062
Cla-V)o, (mh O/l 5.9 x 0.50 4.0 £ 0.34 4.2 £ 0.21 6.4 £ 0,48
\'/o, (mt Oz/min/kg) 4.74 = 0.41 4,49 x 0.22 5,22 £ 0.44 8.05 x { 41
To, (Ml Oz/min/kg) 132 £ 1.5 184 £ 0.9 190 £ 1.0 20.2 % 2.4
To,/\'/o; 2.82 x 0.31 4.15 %= 0.33 3.70 1 0.25 2,69 % 0.24
Pay, (torr) 104.2 £ 3.2 99.5 £ 6.3 103.0x 29 1188 % 7.2
Paco, (torr) 434 1.5 42,91 2.3 56.7 = 3.4 32.2% 1.3
pHa 7 340 £ 0.011 7.321 £ 0.013 7.221 £ 0032 7.361 1 0.011
BE (meq/L) ~2.6 £ 0.5 -45x209 -47£0.8 ~7.4 %08
Hct (%) 36.7 x 1.2 36.4 x 1.0 36.3 £ 0.9 360110
Lactate (mM/L) 0.43 £ 0.13 1.68 x 0.24 0.96 x 0.12 2.76 = 0.66
PAPw (torr) 5.8 £1.6 29 %12 3.6%1.8 6.1 2.1
RPP (x10°) 9.6 + 0.6 126 £ 0.4 11.4 £ 0.6 29.4 A 5.7
V¢ (L/min) 6.1 % 1.2 6.8 1.2 51x1.0 12123
t (breaths/min) 16.7 £ 5.1 19.2 £ 5.2 16.9 £ 6.3 368 % 59
Vi (L 03% = 0.04 0.33 £ 0.02 0.37 £ 0.05 0.33 £ 0.19

* Valges are means £ SE. Abbrewiations are defined in footnote {o Table 1. For statistical informating , see

-
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TABLE 4 ERRN
Cardiorespiratory Responses of Five Anesthetized Dogs during:30% Blood Loss* o
’ “Enflurarie: " “Halothané i tsofiurane Ketainine o
End-tidal concentration (%) 2.52 % 0.02 0.98 + 0.01 1.67 £ 0.02 NA
8Pa (torr) 48.0 £ 4.8 81.0 £ 35 58.0 + 4.0 94.0 £ 7.2
HR (beats/min) 1200 £ 5.5 121.0 £ 10.7 1242 £ 4.4 166.0 £ 11.8
A (L/min) 1.69 £ 0.14 2.45 £ 0.19 2.83 + 0.19 2.48 £ 0.15
SV'(mi): 140+ 09 20719 242112 15.4 2.1
LVSW (g X m) 0.72 £ 0.11 1.79 £°0.21 1.48.% 0.10 1.74 £ 0.32
LVMW (g:X m/min) 87.7 + 155 208 £ 14 185 1 14 288 150
SVR (iort/L/min) 28.7 £ 2.4 340 £ 3.2 21.0 £ 2.4 38.4 £ 3.2
PAP (1arr). 9.0 £ 0.9 7.6 1.4 69118 6019
PVR (terr /L7 min) 2.89 £ 0.35 2.06.%.0,26 1.52 2:.0:40 1.98 & 0.68
Cla-V)o, tm 02/d1) 8.1 £0.79 5.5 £ 0.53 5.0 + 0.58 7.5 £ 1.09
Voy-(mi Oz/min/kg) 4,48 % 0,31 482 £ 0.23 4.88 £ 0.19 5.99 % 0.54
To, (Ml O2/min/kQ) 9.03 + 1,34 13.5 £ 0.7 141 2 1.8 124 £1.0
Tos/ Vo, 2,00 + 0.25 2,90 0.24 2,92 x 0.28 2,17 £ 0,40
Pao, (torr) 108.4 £ 3.0 100.0 * 7.1 102.3 £ 6.2 118.0 £ 10.6
Paco, (torr) 419226 42.4 £ 2.1 54.3 % 3.5 34.3 1 2.8,
pHa 7.345 £ 0.024 7.315 £ 0,011 7.274 % 0.029 7.356 + 0.018
BE (meq/L) -34 £ 05 -4.7 %08 ~5.7 % 0.6 ~8.0.¢ 0.5
Het (%) 363+ 0.9 360 % 1.7 34.5£ 0.9 33.0 0.5
Lactate (mM/L) 0.45 £ 0,13 1,79 £ 0.35 0.83 £ 017 3.9 2 0:46
PAPw (lorr) 40%1.2 28 1.2 3.1 %18 38t 1.5
RPP (x107) 7.7%09 11.9 £ 0.8 8.6 + 0.6 21.2 235
Ve (L/min) 7.3+ 28 72+ 1.4 8.3 % 1.6 109 £ 0.9-
f (breaths/min) 249 £ 13.6 19.2 £ 5.4 213 %85 33.4 + 6.2
Vi) . 0.37 = 0.05 0.39 £ 0.10 0.37 % 0.06 0.35 £ 0.04

* Values are means t SE. Abbreviations are defined in footnote to Tenle 1. For siatistical information, sve-Tables § and 6.

analyses of the effects of hemorrhage on each variable
are given in Table 5.

Progressive hemorrhage decreased left-sided filling
pressure (pulmonary arterial wedge pressure) with
the inhalation anesthetics but not with ketamine;
stroke volume decreased with all agents, Heart rate
did not change with hemorrhage with any anesthetic
agent; consequently, Q decreased.progressively with
graded hemorrhage with all agents, Systemic vascular
resistance  (SVR) increased  progressively during
graded hemorrhage with all agents but insufficiently
to prevent a progressive decrease in Bl’a, which oc-
curred with all agents, Similarly, pulmonary vascular
resistance increased during blood loss with halothane
and enflurane, but did not change with ketamine and
isoflurane. Mean pulmonary arterial pressure de-
creased progressively with hemorrhage with each an-
esthetic_agent.

As BPa decreased without alteration in heart rate,
both stroke work and minute work progressively
decreased during graded hemorrhage with all anes-
thetics. However, rate-pressure product decreased
with the inhalation anesthelics with blood loss, but
decreased with ketamine only at the 30% level.

As Q progressively decreased with graded hemor-
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rhage, tissue oxygen extraction [arterial-mixed venous
oxygen concentration difference, C(a-¥)Oy} increased
with all agents, This compensation was adequate with
the inhalation anesthetics, but not with ketamine;
oxygen consumption did not change with blood loss
with the inhalation anesthetics, but decreased with
ketamine. Oxygen transport decreased with hemor-
rhage with all agents, as did Tn‘/\'/()‘.

Base deficit increased with blood {oss with all
agents except enflurane. Hemorrhage did not change
blood lactate concentrations with the inhalation an-
esthetics, blood lactate concentrations increased with
hemorrhage with ketamine,

No ventilatory measurement (expited minute ven-
tilation, ventilatory frequency, or tdal volume)
changed with hemorrhage with any anesthetic. Hem-
atoctit did not change during hemorthage with halo-
thane or ketamine, but decreased slightly with en-
flurane and isoflurane.

Comparison among Anesthetic Agents of
Physiologic Sequelae of Hemorrhage

Statistical analysis of comparison among, anesthetic
agents at each level of hemorrhage is presented in

Table 6.
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TABLE 5
Statistical Anatysis of Physiologic Sequelae ot Hemorrhage
in Five Anesthetized Dogs*

Ketamine

Enflurane  Halothane  Isoflurane
BPa 0.001 0.001 0.001 0.001
HR NS NS NS NS
a 0.001 0.001 0.001 0,001
Y NS 0.001 0.001 0.001
LVSW 0.001 0.001 0.001 0.001
LVMW 0.001 0.001 0.001 0.001
SVR 0.0% 0:001 0.05 0.001
PAP 0.001 0.001 0.001 0.001
PVR 0.001 0.05 NS NS
Cla-V)o, -0.001 0.001 NS NS
Vo NS NS NS 0.05
Tos 0.001 0.001 0.001 0.001
Tos/ Vo, 0.001 0.001 "0.001 0.01
Pao, NS NS NS NS
Paco, NS NS NS NS
pHa NS NS NS NS
BE NS 0.05 0.05 0.01
Het 0.01 NS 0.01 NS
Lactate NS NS NS 0.01
PAPW 0.001 0.05 0.01 NS
RPP 0.001 0.05 0.01 NS
Ve NS NS NS NS
{ NS, NS NS NS
Vi NS NS NS NS

* Values indicate whether or not hemotrhage had a statisti-
cally significant etfect on indicaled variable. p is less than the
oumerical valug shown, -NS = p. > 0.05. Ahbreviations are
defined in lootnote to Table 1,

At each level of oligenua, lett-sided filling pressure
was higher with ketamine than with halothane, which
in turn was higher than with isoflurane, which in tumn
was higher than with enflurane. Stroke volume was
always lower with enflurane and ketamine (no signif-
icant difference between the two) than with isoflurane
and halothane (no significant difference between the
two). Heart rate was always higher with ketamine
than with all inhalation anesthetics, which did not
differ among themselves. Therefore, cardiac output at
normovolemia and during 10% blood loss was highest
with ketamine and lowest with enflurane; there was
no difference between isoflurane and halothane.
However, as blood loss increased, Q decreased to a
greater extent with ketamine (0.120 L/min/percentage
of blood loss; linear regression, r* = 0.99) than with
the inhalation anesthetics (halothane 0.077, isoflurane
0.071, enflurane 0.058 L/min/percentage of bloed
loss; r = 0.98 to 1.00), so that there was no difference
in Q after 20% blood loss among ketamine (3.58 %
0.27 L/min), isoflurane (3.52 % 0.13 L/min), and
halothane (3.10 + 0.14 L/min); or after 30% blood
loss among ketamine (2.48 % 0.15 L/min), isoflurane

« WEISKOPF ET AL

(2:83 £ 0.19 L/min), and halothane (2.45 + 0:19 L/
min), Cardiac output with enflurane was less at all
levels.of oligemia than with any other agent. Com-
pensation for the decrease in Q by an increase in SVR
occurred during hemorrhage with all agents, but to
varying degrees, Although there were no differences
inr SVR.among agents before hemorrhage, after 30%
blood loss SVR was greatest with ketamine; SVR was
greater with halothane than with enflurane, which
was greater than with isoflurane. With all agents,
compensation was incomplete, and consequently
BPa decreased progressively with graded oligemia. At
all levels of blood loss,.BPa was always greater-with
ketamine than with halothane, which was greater than
with isoflurane, which was greater than with-enflur-
ane.

During normovolemia and at all stages of graded
blood loss, no differences in mean pulmonary-artérial
pressure or PVR occurred among the anesthetic
agents. At each stage of graded hypovolemia, stroke
work and minute work were least with enfluranc.
Rate-pressure product was greater with ketamine at
every level of blood loss than with all inhalation
anesthetics,

Tissue oxygen extraction at all levels of hypovole-
mia was least with halothane but did not differ among
the other agents. Total body oxygen consumption at
normovolemia and at 10% and 20% blood loss was
higher with ketamine than with the inhalation anes-
thetics; at 30% hemorrhage, \"o‘ decreased signifi-
cantly with ketamine. There was no difference in
Vo, among the agents after 30% blood loss.

These differences in Vo, were reflected in arterial
blood lactate concentrations and calculated base ex-
cesses. In response to hemorrhage, arterial bleod-lac-
tate concentration increased only when animals were
anesthetized with ketamine; after 30% hemorrhage,
blood lactate concentration was higher during keta-
mine anesthesia than during anesthesia with all other
agents. Similarly, base deficit increased with hemor-
rhage during ketamine anesthesia to a greater extent
than with the inhalation anesthetics, so that after 10%
blood loss, base deficit was higher with ketamine than
with halothane and enflurane. After 20% and 30%
loss, base deficit was greater with ketamine than with
any of the inhalation anesthetics.

Because of their incomplete nature, data from two
additional animals have been omitted; these animals
died as a result of ketamine studies. During a keta-
mine experiment one animal died from progressive,
uncortrollable hyperthermia and cardiovascular col-
lapsz. The other dog died 36 hours after failing to
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TABLE 6

Homorrhago in Five Dogs*

ANESTHESIA AND HEMORRHAGE . N

Statistical Comparison of Ketamine (K), Halothane (H), isoflurane (1), and Entlurane (E).at Normovolemia and-at. Each Level of

Bloog Loss (%)

Normovolemia

10 20 30
BPa K>H> | >E "
HR K>l wEmH = = - J
d K> | =H>E 4 K. l H>E | =K=H>E
sv TaHSK®E———= S o o —= e
LVSW K=H>|>E + HuKe | >E —
LVvMw K>H=|>E ) KuHe= | >E
SVR EmKmHm | KmH=E> | ———————y K>H>E>'1
PAP NS - —
PVR NS = —
Cla-V)o, EwKe [ >H —
VO, K>|mEmH + K-|-H=
To K>Hm | >E g Ko | o H> iy
To./Voi H>>E~K H1E K H I EK Hel=E=K

==
Pao, K E=| H )
P.COJ | >E=H>K - 4
pHa K>H>E> | K>H=E>| ms-l EmKmH> |
e

BE EwH=Km | E>H | K E>Hw'| > Kooy
Hct NS ,
-Lactate NS ,
PAPW .. Kel>1>E K3H> I>E . y
RPP K>Hw= | =E ’
Ve KoHmE=| )
f K> | mH=wE - )
Vi NS )

d, and b is statistically greater than d.

recover from a ketamune experiment in which, after
30% hemorrhage, Q and BPa were lower and base
deficit was higher than during the comparable period
of the halothane experiment in the same dog. No
deaths or complications occurred during or after ex-
periments with any inhalation anesthetic.

Discussion

In general, the influence of anesthetic agents in our
dogs was similar to that observed by others in dogs
(10, 21-29) and in man (30-39) (Kopriva CJ. Hemo-
dynamic effects of intravenous ketamine in patients
with coronary artery disease. Abstracts of Scientific
Papers. Annual Meeting of the American Society of
Anesthesiologists, October 1974, pp 233-4). No other
study has directly compared these four anesthetic
agents in the same amimals, although Miller et al (40)
recently compared halothane, enflurane, and keta-
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* Abbreviations are defined 1n footnote o Table 1, NS, no sigmficant difference among agents. Agents listed in descending order
. . -~
of magnitude, > indicates all agents 1o left of symbol are statistically (p < 0.05) groater than all agents 1o right a b ¢ > d.andicates
——
a, b, and c ara all greater than d; & is greater than ¢, but not greater than b; nor is b greater than c. Simiarly, 4 b ¢ d indicates that'

the only statistically significant ditterence is that a is greater than c and d. a b = ¢ d Indicates that a is statistically grcater than ¢ and

mine-in normovolemic rats. Differences between the
two studies may be a result of differences in species
and/or experimental protocol,

In comparing these four anesthetics during nor-
movolemia, only ketamine produced cardiovascular
stimulation. Enflurane in equi-MAC concentration
produced greater cardiovascular depression than
either isoflurane or halothane. All inhalation anes-
thetics decreased total body oxygen consumption, but
only halothane and isoflurane reduced oxygen de-
mand more than oxygen supply.

Comparison among Anesthetic Agents of
Physiologic Sequelae of Hemorrhage

The cardiovascular stimulation seen with ketamine
during normovolenua persisted dunng hemorrhage.
At all levels of blood loss, left heart filling pressure,
heart rate, and mean artenial blood pressure were
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always greatest with ketamine. Similarly, in response
to graded blood loss, SVR increased most with keta-
mine. However, despite the stimulation..cardiac out-
put decreased more with blood loss during ketamine
anesthesia than during anesthesia: with any of the
inhalation anesthetics. After 30% blood loss, no sta-
tistical difference .in Q. occurred among ketamine,
isoflurane, and halothane. As a result, minute work,
rate-pressure product, and oxygen consumption dur-
-ing hemorrhage were always highest with ketamine.
After 30% blood loss, \"o, decreased with ketamine,
but did not change with the inhalation anesthetics,
suggesting that oxygen demand was not met at this
level of blood loss during ketamine anesthesia., This
hypothesis is supported by the more pronounced
changes in base excess in response to hemorrhage
with ketamine and by the increase in blood lactate
concentrations seen only with ketamine duripg blood
loss. It is well documented that hemorrhage increases
sympathetic activity (41). Short-term benefits of such
stimulation are obvious: increased cardiac output and
mean arterial blood pressure. [t is far from clear that
the cardiovascular gain-is worth the metabolic price.
Our results are in some ways analogous to those of
Theye et al (7), who compared survival times during
removal of 0 to 40 ml/kg of blood from ventilated
dogs with intact spleens who were anesthetized with
cyclopropane, halothane, or isoflurane. Before blood
loss, cyclopropane resulted in higher cardiac output
and mean arterial blood pressure than either halo-
thane or isoflurane. The authors (7) attributed their
results to higher arterial concentrations of epineph-
rine during cyclopropane anesthesia, Their observa-
tions, in part, also may have been a reflection of the
direct vasoconstrictive action of cyclopropane (42)
and/or its lesser net_myocardial effects (43). With
hemorrhage, Q and BPa decreased more with cyclo-
propane than with cither inhalation anesthetic, and
arterial epinephnne increased more with cyclopro-
pane than with either inhalation anesthetic. Total
body oxygen consumption decreased the most, and
arterial lactate concentration increased tlie most with
cyclopropane. Survival time was shorter with cyclo-
propane than with either isoflurane or halothane. Our
results with ketamine are similar to those obtained
with cyclopropane (7). By anesthetizing our dogs with
each anesthetic agent and following an identical hem-
orrhage protocol each time, we found that ketamine,
like cyclopropane, does not appear to be as useful for
maintenance of anesthesia during hemorrhage as
agents that are not sympathetic stimulants,

Longnecker and Sturgill (44), using rats that were

bled to BPa of 40 torr for. 1 hour, found a higher
survival rate in rats anesthetizéd: with ketamine than
in those anesthetized with pentobarbital or halothane.
Longnecker and Sturgill speculated that ketamine
may have increased survival rate in thése animals
becausea balance between oxygen demand and deliv-
ery was maintained. However, they did not-measure
blood gas tensions, cardiac output, regional blood
flow, oxygen consumption, or blood lactate concen-
tration. Our dogs required a higher Fio, to maintain
Pag, at 100 torr when anesthetized with the inhalation
anesthetics ¢han. when' anesthetized- with ketamine,
Because Longnecker.and Sturgill’s rats breathed room
air, it is possible that their animals which were anes-
thetized with halothane were hypoxic. Although we
did not measure regional blood flow or metabolism,
our total-body data do not support the concept that
ketamine maintains a balance between oxygen de-

mand and delivery.

The lack of change in heart rate with hemorrhage
that we noted has also been observed previously by
others (3-5), Reviewing several hundred of his exper-
iments on dogs, Wiggers (45) noted that heart rate
response to hemorrhage was somewhat variable, He
found that, in general, when heart rate was initially
below 100 beats per minute, it increased in- response
to hemorrhage; that when it was initially 150 beats
per minute or greater, it tended to decrease in re-
sponse to hemorrhage. Inasmuch as the initial heart
rates of our dogs were approximately 120 beats per
minute, it is not surprising that heart rate did not
change with hemorrhage.

In.man, duration of anesthesia alters the cardiovas-
cular actions of halothane (33) and enflurane (30, 31)
but not of isoflurane (37, 38). There is no evidence
that such recovery occurs in dogs, Each of our studies
took several.hours, the mean time between induction
of anesthesia and measurements made after 30%
blood loss being 282 minutes, The measurements
taken in normovolemic animals during the early past
of the anesthetic procedure and those taken late 1n
the anesthetic procedure after return of the shed
blood did not differ significantly. Also, during several
hours of ketamine anesthesia without hemorrhage,
measured and calculated variables did not change.
These two facts indicate that no functional mechanism
altered cardiovascular function with time during an-
esthesia,

As our animals breathed spontancously, Paco, var-
ied among anesthetic agents (Tables 5 and 6). The
dogs were mildly hypocarbic with ketanune, hyper-
carbic with isoflurane, and nearly normocaibic with
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ANESTHESIA. AND HEMORRHAGE

halothane and-enflurane. Cardiovascular stimulation
caused by ¢arbon dioxide is blunted by halothane (35,
36),-isoflurane (37), cyclopropane (46), and fluroxene
(47). Cardiovascular .depression seen with: enflurane
during controlled ventilation (31) is eliminated when
Paco, is allowed torincrease with spontaneous venti-
lation (30). However, after severalhours of enflurane
anesthesia with spontaneous ventilation-in volunteers,
Paco, returned to near normal values, but cardiovas-
cular depression did not become evident. Thus, at the
time we performed our measurements, it appears that
the relationship:of-cardiovascular stimulation by CO,
during enflurane anesthesia is altered. It is possible

‘that differences in Pco, influenced our resuits, There

are no data regarding the interaction of hemorrhage,
.anesthetic anesthetics, and carbon dioxide; however,
the relatively mild hypocapnia- seen with ketamine
(.8, Pco, 33 torr at 30% blood loss) is not likely to
have resulted in major hemodynamic changes.

Clinical Implications

Our data suggest that ketamine may be less desir-
able than halothane or isoflurane for maintenance of
anesthesia during moderate hypovolemia, Howeéver;
it may be inappropriate to translate these studies in
animals directly to man. Differences and similarities
in the cardiovascular effects of anesthetic agents be-
tween man and dog during normovolemia may not
be the same during hypovolemia. Finally, our exper-
iments did not study the effects of anesthetics used
for induction of anesthesia in the presence of preex-
isting hypovolemia, and consequently we can make
no comment in this regard. The considerations and
consequences of producing acute sympathetic stimu-
lation, as during induction of anesthesia, may not be
similar to those during the more prolonged mainte-
nance of anesthesia,
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New York, The Common-

Specificity of Postoperative Perfusion Lung Scan Defects

Ventilation and perfusion lung scans were performed before and after surgery in 169 patients and
classified blindly according to preset criteria. Patients admitted to the hospital for major elective
surgical procedures were selected for the study provided they gave informed consent and provided
perfusion and ventilation Jung scanning facilities were available in the department of nuclear medicine.
Whenever possible, patients clinically judged to be at high risk of pulmonary embolism were selected
over patients at low tisk. No specific prophylaxis against venous thrombosis was used, but carly
ambulation was encouraged. Perfusion lung scan abnormalities were present in 25 (15%) of the
preoperative scans anvd 42 (25%) of the postoperative scans; 16 (38%) of the abnormal postoperative
scans were ide’ " the preoperative scans. Perfusion defects.indicating a “high probability” of
pulmonary ¢« . ..sac aobar or segmental defects). were present in five preoperative scans and 10
postoperative scans; the 10 postoperative scans were classified as showing “deflinite” (five scans),
“possible” (one scan), or “no” (four scans) pulmonary embolism on the basis of the preoperative scan
and the ventilation scan; none of the 10 patients had clinical evidence of pulmonary embolism.
Venous thrombosis was present in- 12 patients, including four of the patients whose lung scans
! showed definite pulmonary embolism. Thus, postoperative perfusion lung scan defects even when
large, are potentially misleading. (Walker I, Aukland P, Hirsh ], et al: The low specificity of
postoperative perfusion lung scan defects. Can Med Assoc | 1981;124:153-8)
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ANESTHESIA FOR MAJOR TRAUMA
This chapter will emphasize the anesthesiologist's role -

in the management of patients with major trauma, -particularly

those features which relate to airway management and fluid

resuscitation. Problems peculiar to some of the more common

major injurics will also be outlincd. T e

INITIAL EVALUATION AND MANAGEMENT

Airway and Gas Exchange

On arrival in the emergency room, all scriously trauma-
tized patients should rececive oxygen, since many physiological
sequelae of traumd result in arterial hypoxemia while breathing
air. The chest should bec auscultated bilaterally and, if there
is any question of a possible chest injury, radiographs should
be obtained tmmediately.  Hemo or pneumolhoraces should be
relicved by placement of large bore chest tubes. Patients in
whom systemic blood pressure is unobtainable require immediate
intubation of the trachea and ventilation with 100% oxyyen as
part of the initial cmergency room resuscitation sequence (rapid
intravenous fluid administration and, if necessary, thoracotomy
and aortic cross-clamping). Fixed dilated pupils, in and of
themselves, arc¢ not an accurate indication of irreversible CNS
damage and do not contraindicate aggressive management at this
time'+"+". If an esophageal obturator has been previously inserted, it
should not be removed until the airway is protected with an endo-
trachecal tube, because of the likelihood of regurgitation or gastric

contents and the possibility of subsequent aspiration. Patients

who are markedly hypotensive despite rapid intravenous infusion
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also réquire early intubation to support gas exchange and protect
the airway, since ccrebral ischemia commonly causes muscular flac-
¢cidity and regurgitation of gastric contents. The decision as to
when to intubate a hypotensive awake patient in the emergency room
is difficut; these patients are usually candidates for immediate
surgery because of continuing gross hemorrhage. If anesthesia is
necessary for intubation of the trachea, we uSe a ketamine-suc-
cinylcholine sequence described later in this chapter.

Facial fractures and upper airway injuries. Airway assess-

ment is the main early requirement in this group of patients.
Massive facial injuries may result in nasal obstruction, orophar-
yngeal edema, and hematomata of such magnitude that immediate
trachcotomy or cricothyroidotomy is neccessary in the emergency
room. In all other cases the rate of progress of any swelling

in the upper airway must be evaluated. The principle is to
ensure the maintenance of a patent airway and to avoid limitation
of available techniques by "sudden" airway obstruction., In
patients with major fractures of the mandible and maxilla
(LeForte TIIT), but in whom massive cdema has yot to occur, oral

intubation is preferred and is usually casily accomplished,

should this be required. In the most obtunded, the trachea

may be intubated without anesthesia. If this situation is mis-
judged, vomiting may occur and strong suction must be immediately
available. Blind nasal intubation may be hazardous because of

potential false passages into nasal sinuses and the cranial

A

vault, and the possibility of dislodging loose bone and tissue.

It is unusual for an alert cooperative patient with facial )
injuries to require intubation in the emerygency department.
lowever, 1l this is necessary, the alternatives for direct
;
' ¥
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laryngoscopy and intubation are a) topieal aneéthesia, sprayihg T

anesthetic and advancing the laryngoscope in a series of stages,

or b) general anesthesia with preoxygenation, cricoid pressure,
thiopental or ketamine and succinyleholine. I'ractures of the
mandible alone usually do not cause airway difficulties, whem

the larynx is normal (see below).
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‘Injurics of the larynx may cause rapid respiratory
obstruction and require immediate tracheotomy. In less urgent
situations, and when assessing the possibility of such an
injury, a history of trauna to the head and neck, stridor,
hoarseness, and crepitus in the neck are all suggestive. The
most frequent cause of a fractured larynx is direcét forcece from
a deceleration injury. A fracture in the region of C6 or C7
is a common association. Three useful evaluative tests for
laryngeal fracture are a) asking the patient to make a high-
pitched "EE" sound which requires mobile cricoarvtenoid jéints}
normal tense cords and functioning intrinsic laryngecal neuro= -
muscular mechanisms; b) indirect laryngoscopy; c¢) radio-
graphy of the larynw, especially CAT scan. 1f uncertainty
exists, fiberoptic laryngoscopy may be performed under topical
ancgthesia. I this type of injury is suspected, all possible
information should be accumulated prior to induction of general
anesthesia, since laryngeal obstruction may occur during
attempted tracheal intubation., The latter may cause mucosal
stripping, bleeding, or displacement of fractured cartilage
into the airway lumen.

When a fractured larynx 1s present, laryngofissurc and
repair of mucosal lacerations and cartilage fractures arc
frequently carried out. Classically, a tracheotomy under
local anesthesia is performed first. Alternatively, therc are
recent reports of successful tracheal intubation through the
glottis?® . This should be attempted only in the presence of
the most benign preoperative findings and when laryngeal

visualization is excellent. If a trachcotomy is
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necessary in an uncooperative chlld, it may be #&¢complishcd

‘follow1ng a small dose of ke amlne as a supplement to 1ocaf

anesthesxa.

IN ALL CASFS OF POSSIBLE AIRWAY COMPROMISE, WHEN IT IS
UNCERTAIN WHETHER THE PROPOSED ANESTHESIA MANUEVERS WILL BE
‘SUCCESSFUL i.e. AIRWAY OBSTRUCTION COULD- OCCUR, TIHE PROCEDURES
SHOULD BE CARRIED oﬁm IN AN CPERATING ROOM WITH EQUIPMENT AﬁD .
PERSONNEL READY FOR IMMEDIATE TRACHEOTOMY.

Head injuries. A high percentage of unconscious patients

with recent head injuries require intubation for one or more of
three indications: 1) to overcome airway obétruvtion, 2)

to prevent aspiration of secretions and 3) to ensure hyper-
ventilation to minimize intracranial pressure. If it is decided
not tc¢ intubate a patient who has a fresh head injury, he must
be ohserved closely; personnel able to intubate him must he
readily available. Sudden rapid deterioration occurs quite
commonly within the first few hours and thercfore a single
cvaluation is not sufficicent, When possible, corvical films are
obtained prior to intubation althouqgh, in our oxpoerience, neck
fractures are quite rare in patients who require intubation for

head injury. 1If an unstable neck is suspected, a cervical

collar is placed and oral intubation may be attempted using a
"hockey=-stick” bend created at toe Lip of the endotrachceal tube
by mecans of a stylet. 1If oral intubation appears technically
straight forward, we do not hesitate to use muscle relaxants
with application of cricoid pressure, following a perio.: of

preoxygenation. The surqgeon should hold the head during this

%
:

intubation and warn of any impending excessive extension. The

>

alternatives are blind nasal intubation, which may be easy in

feratler | L
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~over a fiberoptic bronchoscope. 1If all else fails, -tracheotomy

" required to'comtro; restlessness, either to permit CAT secanning

thé hyperventilating patient or, if time permits, intubafion

i

may be necessary.

v

Barbiturates,, other hypnotics or musclerre%axantéjma§4be
or angiography or to prevent an increase in intragraniairpreséﬁré
due to straining secondary to the irritation of -an endotracheal
tube. The ability to conduct ncurological assessment is thereby
lessened but this should not be of concern. Either a surgical
decompression is indicated by the radielogical findings or, if
not, an intracranial pressure line may bc inscftcd to nmormit
gccurate ongoing c¢valuation.,

Fluid Resuscitation

In any patient in whom a major injury is suspected, at
least two largye bree intravenous cannulae should be insertea.
ane of which should be located centrvally (superior vena cava oL
right atrium), One should not depend upon lower extremity linés
for infusion in those patients where disruption of iliac veins
or inferior vena cava 1is a possibility (pelvic, abdominal or
chest trauma). A catheter should be placed in the bladder in all
patients. Those who have decrcased skin perfusion with resultant
pallor and coolness, narrow pulsc pressure, tachycardia, and
orthostatic hypotension, are likely to have lost in excess of
20-25% of their blood volume. Cardiac output will have decreased
in approximate proportion to blood loss. Deterioration of mental
status indicates more severe loss of blood volume, usually in
excess of 40%. Fluld resuscitation should be started; it is
useful to scequentially number each new bag of fluid. Blood volume

should be restored to at least a level at which a 2VP of several
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mmHg is obtained: If crystalloid is used for this purpose, 3 or
moré liters may be required if the above signs are pneSent. If a
pneumatic suit ("G" or "MAST" suit) has been inflated around the
victim's abdomen and lower limbs, a variable but potentially

large amount of intravascular volum may haw boen shifuaicnntra]lya-?{
The measured CVP will then not be an accurate reflection of total
intravascular volume. The suit should Y= deflated one compart-
ment at a time, with careful observation of hemodynamic status,

when volume replacement has started and immediatc surdgery can be
performed if neccssary.

Premedication Agents

These should not be used routinely. Extreme caution is
necessary in hypovolemic patients, and agents without effective
antidotes should be avoided., Although narcotics are effective
in relieving pain and anxicety, they dilate peripheral blood
vessels and may produce Lurther hypotension wilh vesultant cercbral
ischemia adding to the scedative effect of the narcotic, causing
reguryitation of gastric contents and aspiration. Cimetidine,

300 mgm intramuscularly, is sometimes advocated as a means of
decreasing gastric acidity in emergency surgery patients., This

is not universal practice and we do not do this routinely.

OPERATING RCOM MANAGLMUNT

Preparation of Equipment

To provide anesthetic care for major trauma at a moment's
notice a completely ready operating room should be avaitable at
all times. The ancesthesiologist should have the following
recently checked-out equipment in place: 1) anesthesia machine;

2)  volume controlled ventilator, with appropriate values presot;




3)' suction; 4) laryngoscope with spare blades, and endotracheal
tubes with stylets; 5) apprepriate druds (pancuronium, succinyl-
choline, Keétamineé) drawn into labelled syringes; 6) two intra-
venous infusion sets with pumps and blood‘warmers, prefilled

wth crystalloid solution; 7) material required for arterial line
placement; 8) warming blanket and/or a device to provide heated
humidified inspired gases; 9) defibrillator with internal

and external paddles; 10) calibrated equipment to monitor: -a)
electrocardiograph, b) arterial blood prescsure, c¢) central
venous pressure, d) neuromuscular blockade, c¢) temperature.

Choice of Anesthetic (Regional or General)

In choosing between regional and general anesthesia, we
prefer the latter for the more major injuries, particularly
in thc presence of an unstable cardiévascular status or injuries
of the abdomen or thorax. Spinal anesthesia does hot permit
control of ventilation and the resultant sympalthetic block prevents
an important homeostatic reswvonse to hypovolemia. In patients with
abdominal injuries, the extcnt of the necessary cxploration and
procedures is usually uncertain preoperatively, therefore precluding
limited block levels., On the other hand, infiltration anesthesia
or regional blocks can be extremely usceful for the management of
the more minor peripheral injuries, provided attention is paid to
the maximum safe dose of Lhe agent selected relative to the
patient's body size and physi:al status.

Induction and Maintenance of General Anesthesia

During inducticn of anesthesia, aspiration of gastric contents
into the lungs may follow passive rcegurgitation or active vomiting.
The latter may be aveided by using a rapid intravenous induction

sequence. When diaphragmatic relaxation occurs secondary to




cerebral ischemia, heavy sedation or anesthesia/jtpasgive regurgi-
tation may occur, due to the pressure difference between abdomen
and thorax. Scveral hours delay in scheduling surgery méy decrease
the probability of food remaining in the stomach, but this is
never totally reliable and may be contraindicated by the urgency
of the injury. A low gastric acidity and/or an empty stomach.
cannot be assumed for extended periods following trauma. Therefore,
the followinyg steps should be taken: 1) in all cases of intes-
tinal obstruction, ileus, or gastroduodenal perforation-or blceding,
a nasogastric sump tube should be placed and the stomach aspirated
immediately prior to induction (although this does not ensure

an cmpty stomach); 2) the probable casc of laryngoscopy and

oral intubation should be assessed; 3) with powerful suction
available, anesthesia should be induced using a small dose of
non-depolarizing muscle relaxant (this ay minimize an increase

of intragastric prossure wheon succinylceholine is subsequontly
administerea’” ), preoxygenation for at least 3 minutes of quict
breathing or 4 or 5 maximum inspirations, then antere=posterior
pressurc applicd over the cricoid cartilage (compressing the

upper esophagus “'), and a rapidly acting intravenous hypnotic

and muscle relaxant (usually succinylcholine) administered intra-
venously. Laryngoscopy, tracheal intubation, cuff inflation and
tube location checks are carried out befcore removing cricoid
pressure. 1f laryngoscopy and intubation are cxpected to be
difficult, other options, in order of preference, are intubation
(nasally or orally) under topical anesthesia - if necessary with

a fiberoptic bronchoscope, or a tracheotomy under local anes-
thesia. 1n nmany acute injurics of the jaw and

neck, in which the state of the pharynx is in doubt, we prefer




oradl imtubation under vision as a first step. Then, if nasal
intubation is required, a nasal tube may be advanced uhder direct
vision with the larynx in fuld yiew and the airway protected.
This permits full evaluation of the injury prior to nasal intu-
bation.

Whenever possible, hypovolemia should be corrected prior to
transport to the operating roor: and induction of anesthesia.
If correction is not possible because of thé naturé and extent
of the injuries (i.e. the rate of hemorrhage -exceeds the ability
to restore intravascular volume) it may be necessary to induce
"anesthesia" in the hypovolemic patient. If the patient is
unconscious or severely obtunded, intubation of the trachca
should bhe accomplished without drugs or with neuromuscular
blocking agents alone. If the patient is conscious despite
being uncorrectably hypovolemic, othef techniques are required.
oL many yeers LU was common practice Lo use an ultra-rapidly
acting thiobarbiturate (e.g. thiopental) for inducing ancsthesia
in this circumstanco, [reguently resulting in acute decompensa-
tion (including death) in an already severely hypotensive
pationt’“':‘. These clinical observations may be attributed to
the myocardial depression and decreased peripheral venous tone
caused by these agents““ + '°, Ketamine is a rapidly acting intravenous
agent that, in normovolemic, healthy patients and labouratory
animals, results in increased heart rate, systemic vascular
resistance, blood pressure, and cardiac outpuém %% These are
indirect effects cavsed by increased central sympathetic outflow
and baroreceptor blockade and decrcased vagal tone!" + ¢, Very

small doses of ketamine (0.35 - 0.7 mg/kg IV) are useful

for inducing "anesthesia" in hypovolemic, hypotersive conscious




patients. If a dose yreater than that dictated By tHe clinical
situation is used, the indirect stimulatory responses arc not

elicited, and ketamine's direct action of myocardial depression®”

may result in cardiovascular decompensation, Once intubated, the

patient should be mechanically ventilated to frece the anesthesiol-

ogist's hands. FLvidence is lacking that either respiratory
acidosis or alkalosis is beneficial during massive hypovolemia.
We therefore attempt to maintain normocarbia, which has the
added advantage of not confusing interpretation of acid<+base
status.,

Following induction, only oxygen and neuromuscular blocking
agents are administercd until the hemodynamic situation is
stabilized and systemic blood pressurce riscs to a mean of at
least 50 torr. At that point cerebral perfusion should be
adeguate and it is then appropriate to consider the administra-
tion of othor aqgents.  The goal is to provide analqgesia or
amnesia with minimal carcdiovascular disturbance. Since the
clinical situation is still in great flux and conditiohs may
deteriorate, in principle, agents which are easily removed or
whose actions are readily terminated should be used. Cyclo-
propane and cther are contraindicated because of the risk of
explosion in a setting of pultiplicity of personncl and clec-
trical equipment. Furthermore cyclaopropane

dcereases survival time in shocked dogstl. Halothane,
enflurane or isofluranc may be cautiously added in very small
concentrations (e.g. halothane 0.1%) to the background of 100%
oxygen, and its cardiovascular cffects observed. All the inha-

lation agents are direct myocardial depressants®+1%.57 and may result

in significantly decrcased myocardial performance and hypetension,

e ———
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if ‘added too rapidly or in too great a concentration. Recent
data suggests that isoflurane and halothane may be superior in

these circumstances when compared with enflurane®®. The anes-

thetist must pay extremely close attention to the variable

clinical situation and be prepared to cease admihistration of
all inhalation agents should hypotension ensue. Although .
nitrous oxide is a superior ana}geS@é, it is frequently dep£¢§- .
sant in the hypotensive hypovolemic patient. Since it must be
used in relatively high concentrations, this adds to'the pétential
for hypoxia because of decreased inspired oxygen concenttation.
Furthermore, nitrous oxide will increase the volume of any
previously unrelieved pneumcthorax and will increase bowel -
distention. Although narcotics have been used in such circum-
stances, two objections may be raised. Once given, they cannot
be removed as can the inhalation agents. ‘Sccond, the use of
naloxone to reverse narcotic action may be only partially
successful because of hypoperfusion at the site(s) of action and
because of shorter duration of action of the antagonist than
the agonist. Recent cvidence that administration of naloxone
is of benefit in non-narcotized shocked animals suggests that
endorphins and, thus, perhaps narcotics arc detrimental in such
circumstances’’ . We have not observed awareéness of pain in any
patient guestioned postoperatively following this conservative
approach to the use of CNS depressants.

In selecting a muscle relaxant for continued use during
the procedure, d-tubocurarine is aveocided because of its pro-
pensity to release histamine, resulting in further hypotension.
Parcuronium is preferrcd to gallamine because of its greater

vagolytic properties®”and its lessex obligatory depencance
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on renal excretion!’. Metacurine and NC45 (not yet clinically
;vaiiable) have the least carcdicvascular actions of‘non—depolér-
~ izing muscle relaxants”.

llemodynamic Management

After sccuring the airway and establishing ventilation,
hemodynamics remain the primary issue. Because of the rapidity
and intensity of physiological response te hemorrhage (increcaced --
sympathetic system activity, increased renin-angiotension system
activity, increased vasopressin, peripheral cizculatbfﬁ§effects,
acidic métabolites, direct hypoxic effects, fluid shifié) and
the multiplicity of therapeutic manuevers in the acute situation,
the hemodynamic status of the patient will change rapidly,
Aceordingly, accurate beat+to-beat blood pre.surée monitoring is
an important aspect of the acute management. For this recason
and to allow repeated, rapid sampling of arterial blood for
measurement of PoO.,, PC02 and pll, an indwelling arterial cannula
should be placed as carly in the operating room scquence as
feasible, 1f neecessary by surgical cut=down, and connected to a
pressure transducer for continuous measurement of blood pressure.
The arterial line should be placed in the upper cxtremity becaunse
it may be necessary to cross-clamp the thoracic aorta. A central

venous (superior vena cavia or right atrial) cannula should be

placed, time permitting, while the patient is in the ER, or
soon after arrival in the OR. In the operating room, introduc-
tion through an internal jugular vein is favored over the
approach from an antecubital or subclavian vein, both because
of the ease and rapidity of insertion through the former and
the accessibility of this route while surgery proceeds. To

permit continuous accurate assessment of central venous pressure,




and for' rapid verification of position, the cannula should be
connected to a pressure transducer. The preponderance of major
trauma victims are young and without heart disease, thus central
venous pressurc will usually be an adequate reflection of left-
sided filling pressure35. Placement of a pulmonary arterial line
in the early care of the massively traumatized patient is

neither necessary nor advisable; time is hetter spent tending

to higher priority issues. If there is a need for intra-operative
left-sided filling pressure (e.g. failing post-isc¢hemic ventricle,
high suspicion of prc-existing significant myovardial discase

or direct ventricular injury) a left atrial catheter may be
inserted dircctly if thoracotomy has been performed. Dircct
observation of the deyrce of filling of the hecart is also useful
in the evaluation of the patient's volume status. The early stages
of rosuscéitation of the massively blééding patient require con=-
Linuous communication botween the surgeons and Lhe anesthetists,
as Lo the nature and extent of the injuries and the hemodynamic
indices. If it is nccessary to cross-clamp the aorta to provide
adequate blood flow to the brain and heart in the face of massive
hypovolemia, subsequent removal of the clamp may causce hypotension
from circulating volume filling a previously empty, acidotic
rascular tree. Consequently, re-perfusion should be established
gradually as hemodynamics permit, with addition of volume or

base or both, as required (see below).

Intra-operative fluid resuscitation. The amount of fluid volum to admin-

—— -

ister is guided by the systemic blood pressure and the cardiac
filling pressure. Fluids are administered as rapidly as pos-

sible until the CVP is in the normal range for an anesthetized

patient (e.g. 10-12 cmll,0), and/or the systemic blood pressu
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is in the normal range (see below for a discussion of hypo-

tension in the face of apparently adequate volume replacement).
Much research and discussion has surrounded the issue of which
fluid to administer. The clinician may currently choose from
1) whole blood, 2) packed cells, 3) salt solutions (cry-
stalloid), 4) protein c¢containing fluids (colloid) or 5) other
osmotically active agents (e.g. dextran). Whole blocd is the
fluid of choice despite some deficiencies of banked blood

(see below). Whole blood offers the advantages of the ability
to transport and on and off-load oxygen and carbon dioxide,
contains most clotting factors in adequate supply, and is

a good buffer at physiological pH. The disadvantages of banked
blood include a) low storage temperature (4°C) with high
thermal capacity; b) decreased clotting factors V, VIII,

and possibly XI; c¢) lack of functional platelets after 24
hours of storaye; d)  low pll; e¢) high potassium concentra-
tion; f) decreased red cell survival; ¢g) presence of red
cell membrane antigéns requiring *yping and cross-matching

the patient's blood with the blood to be transfused (although
the U.S, Army had highly favorabhle experience in Viet Mam

using unmatched low anti-a, anti-B titer group 07+% «!%angd

the need for cross-match has been questioned recently'');

h) presence of citrate; 1) risk of transmission of hepa-
titis; and j) decreased red cell 2,3-DPG concentration
resulting in high hemoglobin affinity for oxygen. Blood

banks are increasingly fractionating whole blood into its
component parts, separating plasma from red cells. Conse-
quently, we must often rely on packed red cells ordinarily spun

to a hematocrit of approximately 70%. To decrease viscosity and thus case
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administration, packed cells should be reconstituted to an
approximately normal hematocrit prior to transfusion. 0.9%
NaCl is the only fluid recommended by the American Association

of Blood Banks [or usc for this purposc"?. Because packed cells

_ contain little plasma, some of the advantages of whole blood are

diminished. ‘Oxygen transport is not affected, however, and CO2
transport capability is only somewhat decreased as is buffering
capacity and, of course,all clotting factors.

Despite consideraiile laboratory and clinical investigation,
there is no firm evidence that the use of microfilters for blood
administration is beneficial®®. The resistance of these greatly
impedes rapid blood administration, and we thcrefore do not
recommend their use in this setting.

Note that when extremely rapid infusion of viscous fluids
is required there is a considerable differéencé ih régistance to
flow between various types of infusion equipment and blood warmers.
Stopcocks offer high resistance and, therefore, should not be used.

Tnevitably, until the trauma victim's blood is typed, {luids
other than blood must be administered. Current evidence indicates
that, in this regard, colloid is of no advantage over
crystalloid’ ’¥ « 7. 1hHY L8908 and in fact, may be detrimental®® s,
Given the expense of the former and the availability and easc of admin-
istration of the latter there seems to be little, if any, reason
to administer colloid in the acute resuscitative period. Resusci-
tative fluids undergoing research and development include fluoro-
carbons and stromal frece hemoglobin cither in solution or encased
in layers of 1lipid. Oxygen content of fluorocarbons is proportional
to the partial pressure of oxygen in the fluid, reaching

acceptabie umyyen content only at very high PO, . Furthermore,




fluorocarbons arc extremely expensive, with ext%ﬁbrd%%ariiy long
half-lives. Recently it has been possible to prepare hemoglobin
with very littLe; if any, stromal elements, thus, eliminating
renal toxicity*®
content at normal POZ. Furthermore, hemoglobin so prepared can
be stored in its crystalline fcrm at room temperatﬁrq for pro-
longed periods of time. Since no red cell mermbranes .and
antigens are present, standard blood typing is unnecessary.
Current research is focused on solving the problems 6f short
intravascular half-life (2-4 hours) as a result of renal excre~
tion, and low PSO (approximately 14 torr) of this solution of
hemoglobin monomers., Nevertheless stromal free hemoglobin has
becn shown to be superior to albumin in supporting myocardiail
function®!. Should the half-life and low P50 problems be resolved,
stromal frec hemoglobin may find its place in the carliest phases
of resuscitation of the massively bleeding patient,

Persistant hypotension despite apparently adequate f£luid
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administration,
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ame stage in the
operating room management of many patients who have sustained
ertremely major injuries. The first checks should be of the

accuracy of the monitoring system.

Transducers and monometers must be appropriately positioned

and it is useful to have placed a blood pressure cuff on the limb
which has becen cannulated fcr the arterial pressurce. The occlu-
sion pressure can then be used as a cross-check. Possible causcs
of the continuing hypotension must then be reviewed. These
include undetected hemorrhage (e.g. unexplored body cavities,

fractired limbs, lacerated scalp, full thoracostomy containors

» and offering the advantage of high oxygen — ~ 7~ "7




;administration error; hypocalcemia may be present in extreme

>4ca5es of hypoperfusion, hypotherinia and massive transfusion. .

-diminished effectiveness during acidosis.

concealed by drapes); hemo or pneumothorax or pericardial

tamponade; acidosis; hypothermia; ventilation or anesthesia

If correction of acidosis (see below) is ineffective in
restoring systemic pressure, we empirically administer caléium
chloride 1 gm intravenously since ionized calcium measurements

are not readily available. Calcium and other pressors have

Myocardial failure in a previously healthy young trauma
victim 1§ not commén without direct myocardial injury or pro-
longed myocardial hypoxia. However, if all other possible
causes have been excluded or treated, additional £luids may be
administered until the CVP is 20-25 torr. If arteria. prassurc
does not respond, pressor agents (dopamine or dobutamine
3=12  d/kg/min 1V, initially) may be infused. An unusual
cause of myocardial failure following perforating chest
injuries is coronary air embolism'’ which may be diagnosed by
dircct observation of the caronary arteries. fThe question of
the existance of a "myocardial depressant factor (MDF)", in

shock is controversial®"+*®.?7. 67,

Tn addition to henorrhage retabolic
acidosis and hypothemia are the two most commn secondary agaravating
factors in the massiwely bleeding trauma patient.

Acid-Base Balance

Poor tissue perfusion results in lactic acid accumulation
from decreased availability of oxygen at the end of
the electron transport chain, and decreased hepatic uptake of
lactate during severc reductions of hepatic blecod flow or during

severe hypoxia’+%/, It is not clinically convenient to measurc
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lactic acid. However, its appearance in the bldéd wifll result)

in a nearly linear increasc in base deficit. Basc

deficit may be rapidly computed from measured arterial PCO2 and
- pH®*+*%%% Arterial blood gases and pH should be measured as soon
as possible. The primary treatment of acidosis éecondary to
hypovolemia is obviously volume replacement. If volume is
restored and perfusion pressure is satisfactory, the acidosis
will be corrected as the liver takes up lactate and the tissues
cease lactate production. Thus, treatment of acidosis per se
will not be required. However, if hypotension persists, this
may be partially due to acidosis. Ideally, the magnitude of this
acidosis should be measured. However, if data is not yet
avadlable, it is safe to administer NallCO, as a ‘therapeutic test.
1t is unusual to observe clinically important cardiovascular
effects of wmotabolic acidosis at base deficits less than 10 mEq/L
and, in this setting, acidosis of considerably greater magnitude
is common. Whole body base deficit is usually calculated from
the formnla 0.3 BF (mPq/T) x body weight (kq). Thus.,, 200 or
more mEq of NaHCO3 may be required, Since the cardiovascular
status is usually unstable when NaHCO3 administraton is indicated,
a calculated dosc will not provide exact correction. Repeated
evaluation is necessary. Based on recent cvidence that, over a
wide temperature range, vertebrate plasma pH is closely related
to the pH of water and ionization of imidazole'?, pco, and pll
should be measured at 37°C and not corrected to the patient's
temperature. In any event, over the clinical range, computation
of béqe excess is very nearly independent of temperature.

It is not clear whether measured PO2 should be corrected to

tl e patient's temperature or reported at 37°C. However
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hypothermic patient, if température correction résults in o

~dangers. Myocardial function decreases with temperature. -In the'"
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tefiperature correction is necessary for computation-of alveolar— -
arterial oxygen tension difference (AaDOZ):‘ Furtﬁ?gmoxe, in tﬁér
error it is on the side of patient safety.

Hypothermia . e ’

Poor pérfusion, opening of major body cavities, and admin- -

istration of fluids of temperature less than body temperature,

inevitably result in hypothermia. llypothermia presents multiplé )
J}%
elinical setting of decreased myocardial pre-load and prolonge@
poor myocardial perfusion, myocardial hypothermia is poorly |
tolerated. As myocardial temperature falls to approximatéiy 30°cC,
arrhythmias become common, with refractory ventriculaxaiﬁbriilasww~~m~
tion occurring within a further decrease of 1-3 centigrade
degyrees., Hypothermia adds to the coaqulation defects (seef
helow) by causing scequestration of plateletsse.  This
phenomenon is reversible with rewarming. Additional problems
nia include alteration of drug action and half-3ife,
and confusion of interpretation of blood gas, pH and acid-base
data.

Temperature should be measured continuously by a thermistor
or thermocouple placed in the escphagus, just behind the heart,
or by use of the thermistor of a thermodilution pulmonary artery
catheter, if onc has been inserted. These sites are preferred
because blood and myocardial temperaturc are of prime concern,
and as blood and myocardial temperature change, tomperature will
charge more slowly at other sites (e.g. rectum)®’ .

In the massively bleeding trauma patient it is possible to

prevent severe hypothermia, although not possible to maintain
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normothermic conditions. All intravenous fluid;Hshouid be
warmed during administration. Commercially available devices
can effectively warm blood while producing minimal resistance,
thus allowing for high flow rates“%.*?, A plugged-in connected
warming blanket should always be in place on the operating
table. The device should be set and switched on at 40°C at
first notice of a patient's likely transport teo the operating
room, since these devices require 10 to 20 minutes to reach
operating temperature. These blarkets, although ﬁsefﬁi, are

of less than optimal value because of poor peripherai circulation
during massive hypovolemia. Accordingly, heated inspired
humidity may be of value in preventing serious hypothermia
since nearly all the right heart output will be exposed as a
thin layer to the inspired heat in the pulmonary circulation.
If the above mecasures fail, warm crystalloid solution should be
placed in the chest or abdominal cavitics.

Coagulation

A bleeding diathesis following massive blood loss and
replacement is notuncommon. Causes are 1) lesions of banked
blood; 2) hypothermia; 3) consunption coaqulopathy; 4)
platelet dysfunction. Coagulation factors V, VII1 and possibly
X1 have storage half-lives of approximately one week. Fortiunately,
only 5 to 30% of the normally present quantities of these factors
are necessary for surgical hemostatis. Furthermore, the liver
cen rapidly produce large quantitices of factor VII1, once
circulation has been restored®’. Platelet function is severcly
impaired within minutes of storage at 4°C, with survival limited
to less than 48 hours®'. Many blood banks remove platclets from

blood after its collection. Thus, nearly all blood transfused
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is' free of functional platelets, ¢reating a dlluthﬂal throm—

\».

bocytopenia®® Furthermore, hypothermia causes pl elet seques— o

tration®®. Fresh frozen plasma contarns*all coagulathn factofa\

except pﬁatclets The role of fresh frozen'plasma\ﬂr fresh B

{less than 24 hours -0ld) whole blood is’ contravar51ai1

The coagulopathy of massive transfusxen occurs commonly - ,5'~§

when between: one and two times the est1mated:blo¢d volume ‘has

been administeréd. Ten units of platelets should be administéred,
if further significant transfusion is anticipated and/or genéral-
ized bleeding is apparent. Most hospital blood banks do not stock
platelets, thus they may need to be ordered well in advance.
Additional units of platelets will be required if hemotrhage is

not controlled. Although this is controversial, we also administer
two units of fresh frozen plasma after ten units of blood or

packed cells and onc additional unit for each further 5 units of
transfuscd hlood,

Development of a consumptive coagulopathy (possibly resulting
from release of tissue thromboplastin) will further deé]ete the
diluted platelets and already decreased clotting factors.

The most convenient method for determining the cetiology of a
bleeding discrder, in the major trauma victim, is to obscrve the
coagulation time. If, in a glass tube, a good clot doas not form,
or does so only after a prolonged period of time, decrecased
clotting factors are implicated. 1If the clot forms but does not
retract, thrombocytopenia is the likely cause. TL the clot lyses,
fibrinolysis is likely.

Calcium is complexed by citrate in banked blood, but its

clinical importance as a cause of the bleeding diathesis?®’ of
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massive transfusion and of decreased myocardial function!'s?%.2?
is controversial. We do not administer calcium routinely as

prophylaxis against coagulation defects.

SPECIAL TRAUMA PROBLEMS

>

Thoracic Injuries : -

Three problems may require special actions by the anesthesi-

ologist.

C , , ST ’
Pulmonary injuries. Systemic air embolism due to pressure

in the alveoli -€xceeding pressures in adjoining perforated pulmonary
vessels is not uncommon’’. Occasionally, massive bronchial air

leak may prevent cffective mechanical ventilation. 7Tlaceméent of

a double-lumen endotracheal tube provides maximal control of this
problem, and prevents hemorrhage into the dependent lung during
lateral thoracotomy. If this technique is not possible, a long
ondot racheal tube capable of being advanced into a main bronchuy
should be used.  Inhaled agents should include only oxygen and
anesthetic vapor until measurements of pulmonary oxygen exchange

arc obtained,

Aortic injuries. Prolonged supra-renal clamping of the

aorta may cause renal and spinal cord ischemia. The higher the
clamp, the greater the likelihood of resultant left ventricular
failure from the great increase in afterload. If control bhelow
the aortic injury is feasible, a shunt may be placed during the
period of clamp-off. Restoration of volume will then prevent
the above problems. However, if distal coatrol is not feasible
and a shunt is not placed, an agent such as sodium nitroprusside
may be required to permit volume loading while the aortic clamp

is in place. Arterial pressure monitoring should be from the

right arm if the ipduryv mav be to the arch of the ooxta Tf +3mo
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permits, left ventricular filling pressure should be monitored.

» Cardiac injuries and tamponade. Rapid surgical correction

is essential. "Anesthesia" is induced with a small dose of
ketamine (0.35 to 0.7 mg/kg) which usually maintains cardiac
function, rather than sodium thiopental which depresses venous
return and myocardial contractility. rlthough the maintenance
of a high cardiac filling pressure‘is theoretically important and:'
intravenous fluid should be given to achieve it, this is only

a short-term, temporarizing measure.

Spinal Injuries

The approach to securing an airway has been discussed above.
Although succinylcholine is contraindicated several days after
a denervation injury, there is no evidence of muscle membrane
instability in the first few hours. Thus, if otherwise indicated,
succinylcholine may be used. Patients in halo traction, requiring
anesthesia for other injuries, are intubated nasally under topical
anesthesia, if necessary using a fiberoptic bronschoscope. Acute
spinal cord injuries, particularly in the cervical or high thoracic
regions, result in a "spinal shock" syndrome. Large volumes of
intravenous fluid may be required to maintain adequate cardiac
filling pressure and systemic pressure. Central venous pressure
should be monitored and a-adrenergic agents may be used to
compensate for the sympathetic denervation, provided cardiac
filling pressures and urine output are maintained.

licad lInjuries

Intracranial pressure is decreased as much as possible by

administration of mannitol or furosemide, induction of hypocarbia
(PaCO2 < 30) and maintenance of a low venous pressure. A
mechanical ventilator wave- form with rapid inspiratory { ow

rates may assist in minimizing inthrathoracic pressure. To
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minimize autonomic response to intubation and incision, barbitu-
rates and narcotics, because of their less unfavorable effects
on intracranial pressure, are probably preferrable to the
anésthetic vapors. However, there is no strong evidence to
support large dose barbiturate therapy for brain protection in
this setting.

Intraoperative complications. Marked hypotension immediately

following intracranial decompression is common. This should

be managed with fluids and, if necessary, the judicious use of

a pressor such as ephedrine. We routinely establish arterial

and central venous pressure monitoring as soon after induction

as possible. A coagulopathy 1s occasionally seen. The etiology

of this DIC-like picture is not clear but fresh blood and/or

fresh frozen plasma arc the therapy of choice. Necurogenic pulmonary
edema may be scen rarely and facilities must be available for
intraoperative application of PLEP.

The Open Globe

Facial injuries may include trauma to the globe of the
eye. Loss of vitreous humor, iris, and lens may result in
permanent blindness and require cvisceration. To minimize
this possibility, every ecffort is made to avoid raising intra-
cccular pressure. The factors which control intraoculur
pressure arce similar te those affecting intracranial pressure.
Induction of anesthesia must be smooth and there must be no
"squeeze" of eye muscles or straining during surgery. The
fasiculations which accompany succinylchcline administration
cause a transient increase in intraocular pressure, but its
importance or the cffectiveness of a previously administered

non-depolarizing agent in the open eye are uncertain. Ounr



prgfergpce includes the use of "precurarization", a large dose
of thiopental, ard succinylcholine; or, where a 1;rge dose of
thiopental would be hazardéus, substituting a large dose of
pancuronium (0.15 mg/kg) for the succinylcholine. Either way,
the profound myoneurecl block is maintained, and monitored with
" a nerve stimulator. The ventilator is adjusted to maintain

hypocarbia.

THE IMMEDIATE POSTOPERATIVE PERIOD

At the end of surgery, for all but the most massive trauma,
when hypovolemia has been corrected and the hemodynamic status
is stable, the temperature is greater than 34°C, and pulmonary
gas exchange is satisfactory, it is usually appropriate to
extubate the patient and to administer oxygen in the recovery

room. Becausce of the langer of possible regurgitation and

aspiration of gastric contents the patient should not be extubated
until he is awake and has intact upper airway reflexes.
Following major trauma, many patients remain unstable in
a number of ways. These include blood volume and hemodynamics,
tecmperature, acid-base balance, and coagulation. In some
instances pulmonary cdema is present as a result of pulmonary
trauma, or secondary to previous cardiac ischemia and/or massive
fluid load. Intracranial pressure may requirc monitoring.
Intensive care will be necessarxy, but the process of transfer
is not simple. There will be a lapse of time bhefore the patient
is settled in the ICU with all monitoring systems functioning,

and the ICU staff conversant with the ongoing problems. There

are various ways to meet this situation, but guiding principles

are as follows.
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1) Lbstablish and maintain as much monitored Stébility as
is feasible in the operating room i.e. do not take a "blind
leap" to the ICU with a hypovolenmic, hypotensive patient whose
blood gas and acid-base status is unknown. If necessary, stay
in the operating room long enough to correct these defects.

2) Use portable electronic monitoring and mechanical venti-
lation equipment for the move to the ICU and ensure that these
are functioning well before leaving the operating room. 1In
patients with severely impaired cardiorespiratory statu8, a
change to manual ventilation may result in a sufficient change in
intrathoracic pressure to cause increased hypotension or intra-
cranial pressurc, or to permit a change in lung volume with
resulting deterioration in oxygen exchange.

3) Forewarn tbhe ICU, to preparé the necessary ventilation
and monitoring equipment, and any other urgently required therapy,
such as blood products.,

4) On arrival, establish continuity of blood pressure
monitoring and of ventilation as first priority. Stay with the
patient until all monitoring and support systems arc reestab-
lished and the TCU staff is familiarized with the patient's

circumstances and orders.



3.

6.

[tel

10.

REFERENCES
Baker CC, Caronna JJ, Trunkey DD: Neuroldgic outcome after:

emsrgency room thoracotomy for trauma. Am.J Surg 139:

677-681, May 1980.

Barnes A, Allen TE: Transfusion subéequent té aéwinis-
tration of universal donor blood in Viet Nam. “FAMA

204:695-697, 1968,

Batalden DJ, Wichstrom P, Ruez E,'Guséilo R: Value ‘of
the G suit in patients with severe pelvic fracture:

controlling hemorrhagic shock. Arch Surg 109:326, 1974.

‘Becker DP, Miller JD, Ward JD, et al: The outcdmé«:rﬁﬁ‘

severe head injuries with early diagnosis and intensive

management. J Neurosurg 47:491-502, 1977.

Booij LHDJ, Edwards RP, Sohn YJ, Miller RD: Cardiovascular

_and ncuromuscular effects of Org NC45, pancuronium, meto-

curine, and d-tubocurarine in dogs. Anesth Analg 59:26-30,
1980,

fruce DA, Schut L, Bruno LA, et al: Oulcome following
severe head injuries in children. J Neurosurg 48:679-
688, 1978,

Cain SM: Appearance of excess lactate in anesthetized
dogs during anemic and hypoxic hypoxia. Am J Physicl
209:604-010, 1965,

Calverley RK, Smith NT, Prys~Roberts C, et al: Cardio-
vascular effects of enflurane anesthesia during controlled
ventilation in man. Anesth Analg 57:619-628, 1978,

Camp FR: Lessons learned applicable to civil disaster:
recipient identification and blood transfusion. J Trauma
15:743-744, 1975.

Camp FR, Jr, Shields CE: Military blood banking - identi-

fication of the group O universal donor for transfusion of



. ™ L
‘0

A, B and AB recipients - an enigma of two decades. Milit ’ !

4

¥

Med 132:426-429, 1967.
1l. Collins JA: Massive transfusion: What is current and

important? in Massive Transfusion. J Nusbacher, (ed.),

Washington, DC, American Association of Blood Banks, 1978.
12. Courts RB, Haisch C, Simon TL, Maxwell NG, Heimbach DM,
Carrico CJ: Hemostasis in massively transfused trauma
patients. Ann Surg 190:91-99, 1979,
13. Demling RH, Manchor M, Will JA: Responsc of the pulmonary
microcirculation to fluid loading after hemorrhagic shock
and resuscitation. Surgery 87:552-559, 1980,
14. Dpowdy EG, Koija K: Studies of ‘the mechanisms of cardio-
. vascular response to Cl-158. Anesthesiology 29:931., 1968.
15. Eckstein JW, Hamilton WK, McCammond JM: The effect of
thiopental on peripheral venous tone. Ancsthesiology
22:525-528, 19064.
16. FEditorial: The question of intravenous anesthesia in
war surqgery, Ancstheisology 4:74-77, 1943.
17. Eger EI II: Muscle relaxant uptake and elimination.

Chapter 19, Anesthetic Uptake and Action. Baltimore,

MD, Williams & Wilkins, 1974.

18. Eger EI 11, Smith NT, Stoelting RK, ct al: Cardiovas-
cular effects of halothane in man. Anesthesiology 32:
396-409, 1970.

19. EBtsten B, Li TH: Hemodynamic changes during thiopental
anesthesia in humans: cardiac output, stroke volume,
total peripheral resistance, and intrathoracic blood
volume. J Clin Invest 34:500, 1955.

20. Faden AI, Holaday JW: Opiate antagonists: A role in the




21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

tggatment of hypovolemic shock. Science 205:317-318, 1979.
Gardner WJ, Storer J: The use of the G suit in control of
intra-abdominal bleeding. Surg Gynecol Obstet 123:792-
798, 1966.

Goldberg AH, Keane PW, Phear PC: Effects of ketamine on
contractile performance and excitability of isolated heart
muscle. J Pharmacol Exp Therap 175:388-394, 1970.
Halford FJ: A critique of intravenous anesthesia in war
surgery. Anesthesiology 4:67-69, 1943.

Hinshaw LB: Role of the heart in the pathogenesis of
endotoxin shock. J Surg Res 17:134, 1974,

Holcroft JW, Trunkey DD: Extravascular luny water followinyg

. hemorrhagic shock in the baboon. Ann Surg 180:408-417,

1974.

llowland WS, Schweizer O, Carlon GC, ét al: The cardio-
vascular effects of Lw levels of ionized calcium during
massive transfusion. Surg Gynecol Obstet 145:581-586,
1977.

Johnson V, Bielanski E, Eiseman B: Lactate metabolism
during marginal liver perfusion. Arch Surg 99:75-79, 1969,
Kovalik SG, Ledgerwood AM, Lucas CE, Higgins RF: The
cardiac effect of altered calcium hemostasis after albumin
resuscitation. J Trauma 21:275-279, 1981.

Lambert GE, McMurry GT: Laryngotracheal trauma: Recogni-
tion and management. J Am Coll Emerg Physicians 5:883-
887, 1976.

Lefer AM: Blood-borne humoral factors in the pathophysiology
of circulatory shock. Circ Res 32:129, 1973.

Lim RC, Olcott C 1V, Robinson AJ, et al: Platelet response




32.

33.

34.

35.

30.

37.

36.

39.

40.

41.

N * F
and coagulation changes following massive blood replacement,

J Trauma 13:577-582, 1973.

Lovett WL, Wangensteen SL, Glenn TM, Lefer Aw: Presence of

a myocardial rdepressant factor in patients in circulatory
shock. Surgery 70:223, 1971.

Lowe RJ, Moss GS, Jilek J, Levine HD: Cryst&lloid vs.
colloid in the etiology of pulmonary failure after trauma:

A randomized trial in man. Surgery 81:676-683, 1977.

Lucas CE, Weaver D, Higgins RF, Ledgerwood Aﬁ, J?hnson sD,
Bouwman DL: Effects of albumin vs, non-albumin’;;suscitation

on plasma volume and renal excretory functicm. J Trauma

18:564-570, 1978,

. Lucas CE, Ledgerwood AM; Higgins RF, Weaver DW: Impaired

pulmonar: function after albumin resuscitation from shock.
J Trauma 20:446-451, 1980,

Mangano DY¥: Monitoring pulmonary artery pressure in
coronary-artery discase. Ancsthesiology 53:364-370, 1980.
Miller RD: Complications of massive blood transfusions.
Anesthesiology 39:82-93, 1973.

Miller RD, Robbins TO, Tong MJ: Coagulation defects
associated with massive blood transfusions. Ann Surg
174:794-801, 1971,

Miller RD, Wov WL: Inhibition of succinylcho’ine-induced
increased intragastric pressure by non-depolarizing muscle
relaxants and lidocaine. Anesthesiology 34:185-188, 1971.
Miller WV (editor): Technical Manual of thc American
Association of Blood Banks. Washington, DC, American
Association of Blood Banks, seventh edition, p. 243, 1977.

Moores WY, DeVenuto F, Heydorm WH, et al: FExtending the

: ﬁ“§ v &
h *
It

%
.

3



-qmm

42.

43,

44.

45.

16.

47,

48.

49.

50.

. lggifs erhémodi}utipn on cardippulm@néx}ﬂbyéass«by-9§§n§

stroma-free hemoglobin solution. -J Thoracic Cardiovasc ..

_ fusion. Transfusion 18;137-141, 1978,

bar

L) : .
Surg.. 81:155-162, 1981, A Sl ke ‘
Oberman HA;,parnes~Ba. Friedman BA: The risk of abbreb,aA}f

viating the major cross-match in urgent or massive g;aﬁgff“

Perkins HA: The use of "fresh® blood. - in Massive 'Pmnsﬁus‘im.‘ | .
J. Nusbacher, (ed.), Washington, DC, American Association

of Blood Banks, 1978.

Pfeffermann R, Rozin RR, Durst AL, Marin G: Modern war
surgery: Operations in an evacuation hospital during

the October 1973 Arab-Israeii w&r. J Trauma l6=6§4-703,)

. 1976,

Pruitt BA, Moncrief JA, Mason AD: Buffered saline as the
sole replacement fluid following acute measured hemorrhage
in man. J Yrauma 7:767-782, 1367,

Rabiner SF, O'Bricen K, Peskin GW, Friedman LH: Further
studies with stroma-free hemoglobin solution. Ann Surg
171:615-622, 1970.

Rahn H, Reeves RB, Howell BJ: Hydrogen ion regulation,
temperature and evolution, Am Rev Resp Dis 112:165-172,
1975.

Russell WJ: A review of blood warmers for massive trans-
fusion. Anaesth Intens Care 2:109-130, 1974.

Russell WJ: Evaluation of a new blood warmer. Anes
Intens Care 8:362-364, 1980.

Savage TM, Blogg CE, Foley EI, et al: The cardiovascular
effects of althesin and ketamine. Anesthesia 28:391,

1973.




D
Y
*&;‘

s>
51. Sellick BA: Cricoid pressure to control regurgitation of

stomach contents during induction of anesthesia. Lahcet
2:404, 1961. ~

52. Severinghaus JW: Blocd gas calculater. J Appl Physiol
p 21:1108-1116, 1966.

53. sSseveringhaus JW: Analog computer for base excess and
HCOB- from pH and PCO, electrodes. IEEE Trans Biomed
Eng 23:77-81, 1976. .=

54. sheldon GF, Lim RC Jr, Blaisdell FW: The us¢ of frosh
blood in the treatment of critically injured paticnts.

J Trauma 15:670-677, 1975. ’

50. Siggaard-Andersen 0: Blood acid-base alignment nomogram.

, Scand J Clin Lab Invest 15:211-217, 1963.

56. sSon SL, Waud DR: A vagolytic action of neuromuscular
blocking agents at the pacemaker of the isolated quinea pig..
atrium. Ancsthesiology 48:191-194, 1978,

57. stevens WC, Cromwell TH, Halsey MJ, et al: ‘The cardio-
vascular coffects of a new inhalation ancsthetic, Forane,
in human voluntecrs at constant arterial carbon dioxide
tension. Anesthesiology 35:8-16, 1971.

58. stupfel M, Severinghaus JW: Internal body temepraiure

gradients during anesthesia and hypothermia and cffect of

vagotomy. J Appl Physiol 9:380-386, 1956.

59. sturm JA, Carpenter MA, Lewis FR, Graziano C, Trunkey DD:

Water and protein movement in sheep lung after septic
shock: Effect of calloid vs. crystalloid resuscitation.

J Surg Res 26:233-248, 1978,

60. Symposiun onmicroaggregates, held at letterman Arav Institute




6l.

62.

63.

64.

€5.

67.

68.

69.

L A 1 z )
i éf(Research on 20~-21 June 1977. Published by . U.S. Army -

‘Medical Research'aqq'Development Commahd. Available from

National Technical Information Service, AD $A092838, U.S.-

Dept. of Commerce, P.O. Box 155, Springfield, Va. 22161,

Theye RA, Perry LB, Brzica SM Jr: Influence of anesthetic

agent on response to hemorrhagic hypotension, Anesthesiology
40:32-40, 1974.

Thomas AN, Stevens BG: Air embolism: A cause of morbidity
and death after penetrating chest trauma. J Trauma 14:633,
1974,

Traber DL, Wilson RD, Priano LL: A detailed study of the

. cardiopulmonary rcsponse to ketamine and its blockade by

atropine. South Med J 63:1077-1081, 1970.

Tweed WA, Minuck M, dymin D: Circulatory respdnses to
ketamine ancsthesia.  Anesthesioloyy  37:013-619, 1972,
Valeri CR: Blood components in treatment of acute blood
loss. Ancsth Analg 54:1, 1975.

Waddell WG, Fairley lB, Bigelow WG: TImproved management ‘;
of clinical hypothermia based upon related biochemical
studies. Ann Surg 146:542-559, 1957,

Wangensteen SL, Ramey WG, Fergusen WW, Starling JR:

Plasma myocardial depressant activity (shock factor)
indentificed as a salt in the cat papillary muscle bio-
assay system. J Trauma 13:181-194, 1973.

Weaver DW, Ledgerwood AM, Lucas CE, Higgins R, Bouwman DL,
Johnson SD: Pulmonary effects of albumin resuscitation for
severe hypovolemic shock. Arch Surg 113:387-392, 1978.

Weiskopf RB, Townsley MI, Riordan KK, Chadwick K,



e «

o~

Baysinger M, Mahoney E: ‘Comj:arison of card?%pulmonary

responses to graded hemorrhage during enflurane, halothane,

isoflurane, and ketamine/aneﬁtbesia. Anesth Analg 60

1

1981. : : N




